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UNITED STATES ENVIRONMENTAL PROTECTION AGENCY 
WASHINGTON, D.C. 20460 

APR 8 1996 

OFFICE OF 
W L I C V .  PLANNING AND EVALUATW 

Dear Colleague, 

I am pleased to announce the release of the Invenrory of Greenhouse Gus Emissions and 
Sinks: 1990-1994. The emissions estimates contained in this report, along with future updates, 
will be used to monitor and track the progress of the U.S. in meeting the U.S. commitment to 
return greenhouse gas emissions to 1990 levels by 2000. Decision 3KP.1 under the Framework 
Convention on Climate Change (FCCC) states that Annex I Parties should submit "National 
inventory data on emissions by sources and removals by sinks ... should be provided annually on 
15 April.'' In accordance with this decision, Inventory ojGreenhouse Gas Emissions and Sinks: 
1990-1994 was prepared and is the second official U S .  submission to the The Framework 
Convention on Climate Change (FCCC). This report complies with the reporting guidelines 
established by the scientific and technical organizations that have been recommended to the 
Conference of Parties and is consistent with the reports from all Parties to the FCCC. 

We greatly appreciate the efforts of the Energy Information Administration, The 
Department of Agriculture, and other EPA Offices for their strong cooperation and contributions 
to this document. 

To obtain additional copies of this document, please FAX your requests to the National 
Center for Environmental Publications and Information (NCEPI) at (513) 489-8695. For other 
relevant EPA publications please refer to the list on the back of this page. If you have any 
questions or comments please call Wiley Barbour at (202) 260-6972. 

A n  Sincerely, 
h 

W b  David Gardiner 

Assistant Administrator 
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his document provides information on greenhouse gas sources and sinks, and estimates of emissions and T removals for the United States for 1990-1994, as well as the methods used to calculate these estimates 
and the uncertainties associated with them. The emission estimates presented here were calculated using the 
lPCC Guidelines for National Greenhouse Gas Inventories (IPCCYOECDAEA, 1995) to ensure that the green- 
house gas emission inventories prepared by the United States to meet its commitments under the Framework 
Convention on Climate Change are consistent and comparable across sectors and between nations. In order 
to fully comply with the IPCC Guidelines, the United States has provided a copy of the IPCC reporting tables 
in Annex G of this report. These tables include the data used to calculate emission estimates using the lPCC 
Guidelines. The United States has followed these guidelines, except where more detailed data or methodolo- 
gies were available for major US. sources of emissions. In such cases, the United States expanded on the IPCC 
guidelines to provide a more comprehensive and accurate account of US. emissions. These instances have been 
documented, and explanations have been provided for diverging from the IPCC Guidelines 
(IPCUOECD/IEA, 1995). 
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Naturally occurring greenhouse gases 
include water vapor, carbon dioxide (CO,), 
methane (CH,), nitrous oxide (N,O), and 
ozone (03). Chlorofluorocarbons (CFCs) (a 
family of human-made compounds), its substi- 
tute hydrofluorocarbons (HFCs), and other 
compounds such as perfluorinated carbons 
(PFCs), are also greenhouse gases. In addition, 
other photochemically important gases - such 
as carbon monoxide (CO), oxides of nitrogen 
(NO,), and nonmethane volatile organic com- 
pounds (NMVOCs) - are not greenhouse 
gases, but contribute indirectly to the green- 
house effect (see Box ES-1 for explanation). 
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These are commonly referred to as “tropospheric 
ozone precursors” because they influence the rate at 
which ozone and other gases are created and 
destroyed in the atmosphere. For convenience, all 
gases discussed in this summary are generically 
referred to as “greenhouse gases” (unless otherwise 
noted), although the reader should keep these distinc- 
tions in mind. In addition, emissions of sulfur dioxide 
(SO,) are reported. Sulfur gases, primarily sulfur 
dioxide, are believed to contribute negatively to the 
greenhouse effect. 

Recent Trends of U.S. 
Greenhouse Gas Emissions 

Although CO,, CH, and N,O occur naturally in 
the atmosphere, their recent atmospheric buildup 
appears to be largely the result of anthropogenic 
activities. This growth has altered the composition of 

Box ES- I 

the Earth‘s atmosphere, and may affect future global 
climate. Since 1800, atmospheric concentrations of 
CO, have increased by more than 25 percent, CH, 
concentrations have more than doubled, and N,O 
concentrations have risen approximately 8 percent 
(IPCC, 1992). From the 1950s until the mid-1980s, 
the use of CFCs increased by nearly 10 percent per 
year. Now that CFCs are being phased out under the 
Montreal Protocol on Substances that Deplete the 
Ozone Layer (Montreal Protocol), the use of CFC 
substitutes is expected to grow significantly. 

The current US. greenhouse gas inventory for 
1990-94 is summarized in Table ES-1 and Figures ES- 
1, FS-2, and FS-3. For 1994, total US. emissions 
were 1,666 MMTCE. To be consistent with the 
IPCC-recommended guidelines, this estimate 
excludes emissions of 23 Mh4TCE from international 
transport. Changes in CO, emissions from fossil fuel 
consumption had the greatest impact on US. emis- 

As mentioned. gases can contribute to the greenhouse 
effect both directly and indirectly. Direct effects occur when 
the gas iueif is  a greenhouse gas. Indirect radiative forcing 
occurs when chemical transformation of the original gas pro- 
duces a gas or  gases that are greenhouse gases. or when a gas 
influences the aunospheric lifetimes of other gases. The con- 
cept of GlobalWarming Potential (GWP) has been developed 
to allow scientists and policy maken to  compare the abiliry 
of each greenhouse gas to m p  heat in the atmosphere rela- 
tive to another gas. The GWP of a greenhouse gas is the 
ratio of global warming, or radiative forcing (both direct and 
indirect), from one kilogram of a greenhouse gas to one kilo- 
gram of carbon dioxide over a period of time. While any 
time period can be selected. the 100-year GWPs recom- 
mended by the IPCC are used in this report Carbon diox- 
ide was chosen as the“reference” gas to be consistent with 
iPCC guidelines. Carbon comprises 12/44 of carbon dioxide 
by weight In order to convert emissions reponed in million 
metric mnnes of a gas to MMTCE. the following equation is 
used: 

MMTCE = (MMT of gas) (GWP of gas) (I 2/44). 

where 

GWPs am not provided for the phorochemicaily impor- 
tant gases CO. NO,.NMVOCs.and SO, because there is no 
agreed-upon method to estimate their contribution to cli- 
mate change. These gases only affect radiative forcing indi- 
re+.. 

Gar 

Carbon dioxide 
Methane’ 
Nitrous oxide 
HFC-23 
HFC-125 
HK-  134a 
HFC-IS2a 
PFCP 

SF, 

GWP’ 
( IOOYearr) 

I 
24.5 
320 

12,100 
3.200 
1.300 

I40 
9.400 

24,900 

* The methane GWP includes the direci efeci ond those 
indirect erecis due 10 the pmduaion of tmporpheric ozone 
and stratospheric wter mpor. The indirea effect due to the 
prnducrion a f C 0 ,  is nof included. 

I MMTCE = million metric tonner. carbon-equivalent. 
MMT = million metric tonner. full molecular wei*lt. 
GWP = global warming potential. and 
(IU44) E carbon to carbon dioxide molecular weight ratio. 

** This figure is an overnge G W P  for the Ova PFG, CF, and 
C2F6 The GWP for CF, is 6,300 and the GWP for C,F, is 
12,500. 
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sions from 1990 to 1994. While these emissions of 
CO, in. 1991 were approximately 1.2 percent lower 
than 1990 emission levels in the U.S., in 1992 they 
were about 1.5 percent over 1991 levels, thus return- 
ing emissions to slightly over 1990 levels. By 1993 
CO, emissions from fossil fuel combustion were 
approximately 2.5 percent greater than 1990, with 
emissions in 1994 about 4 percent higher than 1990. 
This trend is largely attributable to changes in total 
energy consumption resulting from the economic 

slowdown in the US. during the early 1990s and the 
subsequent recovery,.as can be clearly seen in Figure 
ES-2. 

Methane, N20, and HFCs and PFCs represent a 
much smaller portion of total emissions than COP In 
most cases, emissions of these gases remained rela- 
tively constant from 1990 to 1994. However, 
methane emissions from coal mining declined signifi- 
cantly in 1993, largely due to decreases in coal pro- 
duction as a result of labor unrest in 1993. As coal 

! 
'i 
' I  

':I 
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production has risen since the end of the strikes, emis- 
sions have increased commensurately. Also, emissions 
of HFCs and PFCs have fluctuated significantly in the 
1990s, initially declining in response to lower CFC 
production. The use of these chemicals has begun to 
increase, however, as replacements for CFCs and 
other ozone-depleting compounds being phased out 
under the terms of the Montreal Protocol and Clean 
Air Act Amendments. 

Figure ES-3 illustrates the relative contribution of 
the primary greenhouse gases to total U.S. emissions 
in 1994. Due largely to fossil fuel consumption, CO, 
emissions accounted for the largest share of US. 
emissions on a carbon equivalent basis - almost 85 
percent. These emissions were parrially offset by the 
sequestration that occurred on forested lands. 
Methane accounted for 11 percent of total emissions, 
including contributions from landfills and agricul- 
tural activities, among others. 

The other gases contributed less to emissions, with 
NlO emissions comprising about 2 percent of total 
US. emissions, HFCs accounting for just over one per- 
cent, PFCs about 0.2 percent, and SF, about 0.4 per- 
cent. Any gases covered under the Montreal Protocol 
are not included because their use is being phased out, 
and the IPCC Guidelines (IPCUOECDiIEA, 1995) 

recommend excluding gases covered by the Montreal 
Protocol. 

The following sections present the anthropogenic 
sources of greenhouse gas emissions, briefly discuss 
the emission pathways, summarize the emission esti- 
mates, and explain the relative importance of emis- 
sions from each source category. 

ure ES-3 
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Carbon Dioxide Emissions 

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 carbon dioxide (COz) are 
absorbed by oceans, trees, soil, and vegetative cover 
and are emitted to the atmosphere annually through 
natural processes. When in equilibrium, carbon flows 
between the various reservoirs roughly balance each 
other, Since the Industrial Revolution, however, 
atmospheric concentrations of carbon dioxide have 
risen more than 25 percent, principally because of the 
combustion of fossil fuels (IPCC, 1992). While the 
combustion of fossil fuels accounts for 99 percent of 
total US. carbon dioxide emissions, carbon dioxide 
emissions also result directly from industrial 
processes. Changes in land use and forestry activities 
both emit carbon dioxide (e.g., as a result of forest 
clearing) and can act as a sink for carbon dioxide (e.g., 
as a result of improved forest management activities). 

Table ES-2 summarizes U.S. emissions of carbon 
dioxide for 1994, while the remainder of this section 
presents detailed information on the various anthro- 
pogenic sources and sinks of carbon dioxide in the 
United States. 

Energy 
Approximately 88 percent of U.S. energy is pro- 

duced through the combustion of fossil fuels. The 
remaining 12 percent comes from renewable or other 
energy sources such as hydropower, biomass, and 
nuclear energy (see Figure ES-4). As they bum, fossil 
fuels emit carbon dioxide due to oxidation of the car- 
bon contained in the fuel. The amount of carbon in 
fossil fuels varies significantly by fuel type. For exam- 
ple, coal contains the highest amount of carbon per 
unit of energy, while petroleum has about 20 percent 
less carbon than coal, and natural gas has about 45 
percent less. 

Fossil Fuel Consumption 
In 1994, the United States emitted a total 01 

1,390 MMTCE of carbon dioxide from fossil fuel 
combustion. (Bunker fuels, or fuels used in intema- 
tional transport, accounted for an additional 23 

L 
i 

i g~ 

F 

i 

.I"*.:*>. . 1- 
Appmximately 88 percent of US. energy is produced 
through the cornburrion of fossil fuels. 

MMTCE.) The energy-related activities producing 
these emissions included heating in residential and 
commercial buildings, the generation of electricity, 
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steam production for industrial processes, and gaso- 
line consumption in automobiles and other vehicles. 
Petroleum products across all sectors of the economy 
accounted for about 42 percent of total US. energy- 
related carbon dioxide emissions; coal, 36 percent; 
and natural gas, 22 percent. 

industrial Sector. The industrial sector accounts 
for 34 percent of U.S. carbon dioxide emissions from 
fossil fuel consumption, making it the largest end-use 
source of carbon dioxide emissions (see Figure ES-5). 
About two-thirds of these emissions result from the 
direct consumption of fossil fuels in order to meet 
industrial demand for steam and process heat. The 
remaining one-thud of industrial energy needs are 
met by electricity for such uses as motors, electric fur- 
naces and ovens, and lighting. 

The industrial sector is also the largest user of 
nonenergy applications of fossil fuels, which often 
store carbon. Fossil fuels used for producing fertiliz- 
ers, plastics, asphalt, or lubricants can store carbon in 
products for very long periods. Asphalt used in road 
construction, for example, stores carbon indefinitely. 
Similarly, the fossil fuels used in the manufacture of 

~~ 

materials like plastics also store carbon, releasing this 
carbon only if the product is incinerated. 

Tmnsportotion Sector. The transportation sector 
is also a major source of carbon dioxide, accounting 
for just over 30 percent of U.S. emissions. Virtually 
all of the energy consumed in this sector comes from 
petroleum-based products. Nearly two-thirds of the 
emissions are the result of gasoline consumption in 
automobiles and other vehicles, with other uses, 
including diesel fuel for the trucking industry and jet 
fuel for aircraft, accounting for the remainder. 

Residential and Commercial Sectors. The resi- 
dential and commercial sectors account for about 20 
and 16 percent, respectively, of carbon dioxide emis- 
sions from fuel consumption. Both sectors rely heav- 
ily on electricity for meeting energy needs, with about 
two-thirds to three-quarters of theu emissions anrib- 
utable to electricity consumption. End-use applica- 
tions include lighting, heating, cooling, and operating 
appliances. The remaining emissions are largely due 
to the consumption of natural gas and oil, primarily 
for meeting heating and cooking needs. 
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Electric Utilities. The U.S. relies on electricity to 
meet a significant portion of its energy requirements. 
In fact, as the largest consumers of fossil fuels, electric 
utilities are collectively the largest producers of US. 
carbon dioxide emissions (see Figure ES-5). Electric 
utilities generate electricity for uses such as lighting, 
heating, electric motors, and air conditioning. Some 
of this electricity is generated with the lowest carbon 
dioxide-emitting energy technologies, particularly 
nonfossil options, such as nuclear energy, 
hydropower, or geothermal energy. However, electric 
utilities rely on coal for 55 percent of their total 
energy requirements and account for about 86 per- 
cent of all coal consumed in the United States. 

Fuel Produaion and Processing 
Carbon dioxide is produced via flaring activi- 

ties at natural gas systems and oil wells. Typically, 
the methane that is trapped in a natural gas system 
or oil well is flared to relieve the pressure building 
in the system or to dispose of small quantities of gas 
that are not commercially marketable. As a result, 
the carbon contained in the methane becomes oxi- 
dized and forms carbon dioxide. In 1994, the 
amount of carbon dioxide from the flared gas was 
just over 1 MMTCE, or about 0.1 percent of total 
U.S. carbon dioxide emissions. 

Biomuss and Biomoss-bsed Fuel Consumption 
Biomass fuel is used primarily by the industrial 

sector in the form of fuelwood and wood waste. 
Biomass-based fuel use, such as ethanol from corn or 
woody crops, occurs mainly in the transportation sec- 
tor. Ethanol and ethanol blends, such as gasohol, are 
typically used to fuel public transport vehicles, such 
as buses or centrally fueled fleet vehicles. 

Biomass, ethanol, and ethanol-blend fuels do 
release carbon dioxide. However, in the long run, the 
carbon dioxide they emit does not increase total 
atmospheric carbon dioxide because the biomass 
resources are consumed on a sustainable basis. For 
example, fuelwood burned one year but regrown the 
next only recycles carbon, rather than creating a net 
increase in total atmospheric carbon. 

Carbon dioxide emissions from biomass con- 

sumption in 1994 were approximately 49 MMTCE, 
with the industrial sector accounting for 75 percent 
of the emissions and the residential sector 23 per- 
cent, the rest being made up of commercial and elec- 
tric utility consumption. Carbon dioxide emissions 
from ethanol use in the United States have been 
increasing in recent years due to a number of factors, 
including the extension of Federal tax exemptions 
for ethanol production, the Clean Air Act 
Amendments mandating the reduction of mobile 
source emissions, and the Energy Policy Act of 1992 
which established incentives to increase the use of 
alternative fuels and alternative-fueled vehicles. In 
1994, total U.S. carbon dioxide emissions from 
ethanol were 1.85 MMTCE. 

Industrial Processes 

Emissions are often produced as a by-product of 
various nonenergy-related activities. For example, in 
the industrial sector raw materials are chemically 
transformed from one state to another. This transfor- 
mation often releases such greenhouse gases as car- 
bon dioxide. The production processes that emit 
carbon dioxide include cement production, lime pro- 
duction, limestone consumption (e.g., in iron and 
steel production), soda ash production and use, and 
carbon dioxide manufacture. Total carbon dioxide 
emissions from these sources were approximately 16 
MMTCE in 1994, accounting for about 1 percent of 
total U.S. carbon dioxide emissions. 

Cement Produaion (9.6 MMTCE) 
Carbon dioxide is produced primarily during 

the production of clinker, an intermediate product 
from which finished portland and masonry cement 
are made. Specifically, carbon dioxide is created 
when calcium carbonate (CaC03) is heated in a 
cement kiln to form lime and carbon dioxide. This 
lime combines with other materials to produce 
clinker, while the carbon dioxide is released into the 
atmosphere. Since 1990, carbon dioxide emissions 
from cement production have increased about 8.4 
percent, from 8.9 MMTCE in 1990 to 9.6 MMTCE 
in 1994. 
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Lime Production (3.5 MMTCE) 

Lime is used in steel making, construction, pulp 
and paper manufacturing, and water and sewage 
treatment. It is manufactured by heating limestone 
(mostly calcium carbonate) in a kiln, creating calcium 
oxide (quicklime) and carbon dioxide, which is nor- 
mally emitted to the atmosphere. Since 1990, carbon 
dioxide emissions from lime production have 
increased by approximately 7 percent, from 3.3 
MMTCE in 1990 to 3.5 MMTCE in 1994. 

Limestone Consumption (1.2 MMTCE) 
Limestone is a basic raw material used by a wide 

variety of industries, including the construction, agri- 
culture, chemical, and metallurgical industries. For 
example, limestone can be used as a purifier in refin- 
ing metals, such as iron. In this case, limestone heated 
in a blast furnace reacts with impurities in the iron 
ore and fuels, generating carbon dioxide as a by- 
product. It is also used in flue gas desulfurization sys- 
tems to remove sulfur dioxide from the exhaust gases. 
Since 1990, carbon dioxide emissions from limestone 
consumption have declined by about 10 percent, 
from 1.38 MMTCE in 1990 to 1.24 MMTCE in 
1994. 

Soda Ash Produdon and Consumption (/./ MMTCE) 
Commercial ‘soda ash (sodium carbonate) is used 

in many consumer products, such as glass, soap and 
detergents, papeq textiles, and food. During the man- 
ufacturing of these products, natural sources of 
sodium carbonate are heated and transformed into a 
crude soda ash, in which carbon dioxide is generated 
as a by-product. In addition, carbon dioxide is 
released when the soda ash is consumed. Of the IWO 

states that produce natural soda ash, only Wyoming 
has net emissions of carbon dioxide, because produc- 
ers in California recover the carbon dioxide and use it 
in other stages of production. U.S. carbon dioxide 
emissions from soda ash production were approxi- 
mately 0.4 MMTCE in 1994, while U.S. soda ash con- 

sumption generated about 0.7 MMTCE. Since 1990, 
carbon dioxide emissions from soda ash manufacture 
and consumption have declined slightly, from 1.13 
MMTCE in 1990 to 1.10 MMTCE in 1994. 

. . ....I .”,..? 

Carbon Dioxide Manufacture (0.4 MMTCE) 
Carbon dioxide is used in many segments of the 

economy, including food processing, beverage manu- 
facturing, chemical processing, crude oil products, 
and a host of industrial and miscellaneous applica- 
tions. For the most part, carbon dioxide used in these 
applications will eventually be released into the 
atmosphere. Since 1990, carbon dioxide emissions 
from carbon dioxide manufacture have increased 
slightly, from 0.33 MMTCE in 1990 to 0.37 
MMTCE in 1994. 

Forests and Land Use Change 

When humans use and alter the biosphere 
through changes in land use and forest-management 
activities, they alter the natural balance of trace gas 
emissions and uptake. These activities include clear- 
ing an area of forest to create cropland or pasture, 
restocking a logged forest, draining a wetland, or 
allowing a pasture to revert to a grassland or forest. 
Forests, which cover about 737 million acres of U.S. 
land (Powell, et nl., 1993), are a potentially important 
terrestrial sink for carbon dioxide. Because approxi- 
mately half the dry weight of wood is carbon, as trees 
add mass to trunks, limbs, and roots, carbon is stored 
in relatively long-lived trees instead of being released 
to the atmosphere. Soils and vegetative cover also 
provide a potential carbon sink. 

Carbon fluxes can also he attributed to biomass 
that is harvested and used in wood products or dis- 
posed in landfills. The potential carbon flux associ- 
ated with these biomass pools, however, is 
significantly smaller than the carbon flux associated 
with forests. Therefore, the majority of this discus- 
sion focuses on the carbon flux associated with land- 
use change and forest management activities. 

In the United States, improved forest-manage- 
ment practices and the regeneration of previously 
cleared forest area have actually resulted in a net 
uptake (sequestration) of carbon on U.S. lands. This 
carbon uptake is an ongoing result of land-use 
changes in previous decades. For example, because of 
improved agricultural productivity and the wide- 
spread use of tractors, the rate of clearing forest land 
for crop cultivation and pasture slowed greatly in the 

- 
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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 regen- 
eration of forest land greatly increases carbon storage 
in both standing biomass and soils and the impacts of 
these land-use changes continue to affect forest car- 
bon fluxes in the East. In addition to land-use 
changes in the early part of this century, forest carbon 
fluxes in the East are affected by a trend toward man- 
aged growth on private land in recent decades, result- 
ing in a near doubling of the biomass density in 
eastern 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-management activities, combating 
soil erosion, and converting marginal cropland to 

forests. 
The net carbon dioxide flux in 1990, 1991 and 

1992 due to these activities is estimated to have been 
an uptake (sequestration) of 125 MMTCE per year. 
This carbon uptake represents an offset of about 9 
percent of the average annual carbon dioxide emis- 
sions from energy-related activities during this 
period. Emission estimates are not yet available for 
1993 and 1994 because the last national forest inven- 
tory was completed in 1992. 

There are several major sources of uncertainty 
associated with the estimates of the total net carbon 
flux from U.S. forests. These sources are briefly 
described below: 

i 8 The forest surveys used to compile these estimates 
are based on a statistical sampling instead ofactual 
measurements. The surveys are based on a statisti- 
cal sample designed to represent a wide variety of 
growth conditions present over large territories. 
The actual values of carbon stored in forests, 
therefore, are represented by average values that 
are subject to sampling and estimation errors. 
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The impacts o f  forest management activities on 
soil carbon are quite uncertain. Forest soils and 
forest floors contain over 60 percent of the total 
US. forest carbon. However, because of uncertain- 
ties associated with soil and forest floor carbon 
fluxes, these components are not included in the 
US. estimate at this rime. 

rn The current estimate does not include forest land 
in Alaska and Hawaii or reserved timber land. 
However, forests in these states are believed to be 
in equilibrium, so their inclusion would not signif- 
icantly affect the flux estimates presented here. 

rn Forest management activities may also result in 
fluxes of other greenhouse and photochemically 
important gases. Dry soils are an important sink 
for CH,, a source of N,O, both a sink and a 
source for CO, and vegetation is a source of sev- 
eral NMHCs (nonmethane hydrocarbons, a subset 
of NMVOCs). However, the effects of forestry 
activities on these gases are highly uncertain, and 
are therefore not included in the US. inventory at 
this time. 
Estimates from wood products pools and landfills 
are based on limited data and subject to significant 
uncertainties. Research continues on the potential 
magnitude of these sources. 

Methane Emissions 

Atmospheric methane (CH,) is second only to 
carbon dioxide as an anthropogenic source of green- 
house gas emissions. Methane’s overall contribution 
to global warming is large because it is 24.5 rimes 
more effective at  trapping heat in the atmosphere 
than carbon dioxide over a 100-year time horizon, 
when the direct as well as most indirect effects are 
considered (IPCC, 1994). Furthermore, methane’s 
concentration in the atmosphere has more than dou- 
bled over the last two centuries. Scientists have con- 
cluded that these atmospheric increases are largely 
due to increasing emissions from anthropogenic 
sources, such as landfills, agricultural activities, fossil 
fuel combustion, coal mining, the production and 
processing of natural gas and oil, and wastewater 
treatment (see Table ES-3 and Figure ES-6). 

z 
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Landfills 
Landfills are the largest single anthropogenic 

source of methane emissions in the United States. 
There are an estimated 6,000 methane-emitting land- 
fills in the United States, with 1,300 of the largest 
landfills accounting for about half of the emissions. 

In an environment where the oxygen content is 
low or nonexistent, organic materials, such as yard 
waste, household waste, food waste, and paper, are 
decomposed by bacteria to produce methane, carbon 
dioxide, and stabilized organic materials (materials 
that cannot be decomposed further). iMethane emis- 
sions from landfills are affected by such factors as 
Table ES-3 

Finure ES-6 

Landfills and agriculture are the largest ~ourcer of ~ M O I -  
pherir methane in the United Starer. 

waste composition, moisture, and landfill size. 
Methane emissions from US. landfills in 1994 

were 68.2 MMTCE, or about 36 percent of total U.S. 
methane emissions. Emissions from US. municipal 
solid waste landfills, which received approximately 
67 percent of the total solid waste generated in the 
United States, accounted for about 90 to 95 percent 
of total landfill emissions, while industrial landfills 
accounted for the remaining 5 to 10 percent. 
Currently, about 15 percent of the methane emitted is 
recovered for use as an energy source. 

Agkulture 

The agricultural sector accounted for approxi- 
mately 33 percent of total U.S. methane emissions in 
1994, with enteric fermentation in domestic livestock 
and manure management together accounting for the 
majority (see Figure ES-7). Other agricultural activi- 
ties contributing directly to methane emissions 
include rice cultivation and field burning of agricul- 
tural crop wastes. Several other agricultural activities, 
such as irrigation and tillage practices, may con- 
tribute to methane emissions, but emissions from 
these sources are uncertain and believed to be small; 
therefore, the United States has not included them in 
the current inventory. Details on the emission path- 
ways included in the inventory are presented below. 
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Enteric Fernentotion in Dome& k n o d c  (40.2 MMTCE) 
In 1994, enteric fermentation was the source of 

about 21 percent of total US. methane emissions, 
and about 65 percent of methane emissions from the 
agricultural sector. During animal digestion, methane 
is produced through enteric fermentation, a process 
in which microbes that reside in animal digestive sys- 
tems break down the feed consumed by the animal. 
Ruminants, which include 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 a significant amount of 
methane-producing fermentation occurs. Non- 
ruminant domestic animals, such as pigs and horses, 
have much lower methane emissions than ruminants 
because much less methane-producing fermentation 
takes place in their digestive systems:The amount of 
methane produced and excreted by an individual ani- 
mal also depends upon the amount and type of feed 
it consumes. 

Manure Management ( I  7.0 MMTCE) 
The decomposition of organic animal waste in an 

anaerobic environment produces methane. The most 
important factor affecting the amount of methane 
produced is how the manure is managed, since cer- 
tain types of storage and treatment systems promote 
an oxygen-free environment. In particular, liquid sys- 
tems (e.g., lagoons, ponds, tanks, or pits) tend to pro- 
duce a significant quantity of methane. However, 
when manure is handled as a solid or when it is 
deposited on pastures and rangelands, it tends to 

decompose aerobically and produce little or no 
methane. Higher temperatures and moist climate 
conditions also promote methane production. 

Emissions from manure management were about 
9 percent of total US. methane emissions in 1994, 
and about 28 percent of methane emissions from the 
agricultural sector. Liquid-based manure manage- 
ment systems accounted for over 80 percent of total 
emissions from animal wastes. 

Rice Cultivation (3.4 MMTCE) 
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 in the soils develop, 
and methane is produced through anaerobic decom- 
position of soil organic matter. Methane is released 
primarily through the rice plants, which act as con- 
duits from the soil to the atmosphere. 

Rice cultivation is a very small source of methane 
in the United States. In 1994, methane emissions 
from this source were less than 2 percent of total U.S. 
methane emissions, and about 5.6 percent of US. 
methane emissions from agricultural sources. 

Field Burning ofAgriculturol Wastes (0.8 MMTCE) 
Large quantities of agricultural crop wastes are 

produced from farming systems. Disposal systems 
for these wastes include plowing them back into the 
field; composting, landfilling, or burning them in 
the field; using them as a biomass fuel; or selling 
them in supplemental feed markets. Burning crop 
residues releases a number of greenhouse gases, 
including carbon dioxide, methane, carbon monox- 
ide, nitrous oxide, and oxides of nitrogen. Crop 
residue burning is not considered to he a net source 
of carbon dioxide emissions because the carbon 
dioxide released during burning is reabsorbed by 
crop .regrowth during the next growing season. 
However, burning is a net source of emissions for 
the other gases. Because this practice is not common 
in the United States, it was responsible for only 
about 0.4 percent of total US. methane emissions in 
1994, and 1.3 percent of emissions from the agri- 
cultural sector. 

Coal Mining . 
Coal mining and post-mining activities, such as 

coal processing, transportation, and consumption, 
are the third largest source of methane emissions in 
the United States. Estimates of methane emissions 
from coal mining for 1994 were 28.9 MMTCE, 
which accounted for about 15 percent of total U.S. 
merhane emissions. 

Produced millions of years ago during the forma- 
tion of coal, methane is trapped within coal seams 
and surrounding rock strata. When coal is mined, 
methane is released into the atmosphere. The amount 
of methane released from a coal mine depends pri- 
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m a d y  upon the depth and type of coal, with deeper 
mines generally emitting more methane (US.  EPA, 
1993a). Mcthane from surface milles is emirred 
directly to the atmosphere as the rock strata overly- 
ing the coal seam are removed. 

Methane is hazardous in underground mines 
because it is explosive at concentrations of 5 to 15 
percent in air. Therefore, all underground mines are 
required to remove methane by circulating large 
quantities of air through the mine and venting this 
air into the atmosphere. At some mines, morr 
advanced methane-recovery systems may be used to 
supplement the ventilation systems and ensure mine 
safety. The practice of using the recovered methane 
as an energy source has been increasing in recent 
years. 

Oil and Natural Gas 
Production and Processing 

Methane is also the major component of natural 
gas. Any leakage or emission during the production, 
processing, transmission, and distribution of natural 
gas emits methane directly to the atmosphere. 
Because natural gas is often found in conjunction 
with oil, leakage during the production of commer- 
cial quantities of gas from oil wells is alsoa source of 
emissions. Emissions vary greatly from facility to 
facility and are largely a function of operation and 
maintenance procedures and equipment condition. 
Fugitive emissions can occur at all stages of extrac- 
tion, processing, and distribution. In 1994, emissions 
from the US. natural gas system were estimated to be 
20.3 MMTCE, accounting for approximately 11 per- 
cent of total U.S. methane emissions. 

Methane is also released as a result of oil pro- 
duction and  processing activities, such 3s crude oil 
production, crude oil refining, transportation, and 
storage, when commercial gas production is not 
warranted due to the small quantities present. 
Emissions from these activities are generally 
released as a result of system leaks, disruptions, or 
routine maintenance. For 1994, methane emissions 
from oil production and processing facilities were 
1.8 MMTCE, accounting for about 1 percent of 
total U.S. methane emissions. 

Other Sources 
Methane is also produced from several other 

sources in the United States, including energy-related 
combustion activities, wastewater treatment, indus- 
trial processes, and changes in land use. The sources 
included in the US. inventory are fossil fuel combus- 
tion and wastewater treatment. In 1994, 6.1 
MMTCE of methane were emitted from fossil fuel 
combustion, which accounted for about 3.3 percent 
of total U.S. methane emissions. Approximately 1.1 
MMTCE, or less than 1 percent of total U.S. methane 
emissions, were emitted due to wastewater treatment. 
Additional anthropogenic sources of methane in the 
United States, such as land use changes and ammo- 
nia, coke, iron, and steel production, are not included 
because little information on methane emissions from 
these sources is currently available. 

Nitrous Oxide Emissions 

Nitrous oxide (N,O) is a chemically and radia- 
tively active greenhouse gas that is produced natu- 
rally from a wide variety of biological sources in soil 
and water. While actual emissions of nitrous oxide 
are much smaller than carbon dioxide emissions, 
nitrous oxide is approximately 320 times more pow- 
erful than carbon dioxide at trapping heat in the 
atmosphere over a 100-year time horizon. 

Over the past two centuries, human activities 
have raised atmospheric concentrations of nitrous 
oxide by approximately 8 percent. The main anthro- 
pogenic activities producing nitrous oxide are soil 
management and fertilizer use for agriculture, fossil 
fuel combustion, adipic acid production, nitric acid 
production, and agricultural waste burning. The rel- 
ative share of each of these activities to total U.S. 
nitrous oxide emissions is shown in Figure ES-8, and 
U.S. nitrous oxide emissions by source category for 
1994 are provided in Table ES-4. 

Agricultural Soil Management 
and Fertilizer Use 

The primary sources of anthropogenic nitrous 
oxide emissions in the United States are fertilizer use 
and soil management activities. Synthetic nitrogen 

. .  
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Table ES-4 

fertilizers and organic fertilizers add nitrogen to soils, 
and thereby increase emissions of nitrous oxide. 
Nitrous oxide emissions in 1994 due to consumption 
of synthetic and organic fertilizers were 18.4 
MMTCE, or approximately 45 percent of total U S .  
nitrous oxide emissions. 

Other agricultural soil management practices, 
such as irrigation, tillage practices, or the fallowing of 
land, can also affect nitrous oxide fluxes to and from 
the soil. There is much uncertainty about the direc- 
tion and magnitude of the effects of these other prac- 
tices. Only emissions from fertilizer use and field 
burning of agricultural wastes are included in the US. 
inventory. 

Fossil Fuel Combustion 
Nitrous oxide is a product of the reaction that 

occurs between nitrogen and oxygen during fossil fuel 
combustion. Both mobile and stationary sources emit 
nitrous oxide. Emissions from mobile sources are 
more significanr and are better understood than those 
from stationary sources. The amount of nitrous oxide 
emitted varies, depending upon fuel, technology type, 
and pollution control device. Emissions also vary with 
the size and vintage of the combustion technology, as 
well as maintenance and operation practices. 

For example, catalytic converters installed to 
reduce air pollution resulting from motor vehicles 
have been proven to promote the formation of 
nitrous oxide. As catalytic converter-equipped vehi- 
cles have increased in the U.S. motor vehicle fleet, 
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emissions of nitrous oxide from this source have also 
increased (EIA, 1994d). Mobile emissions totaled 9.3 
MMTCE in 1994 (23 percent of total nitrous oxide 
emissions), with road transport accounting for 
approximately 95 percent of these nitrous oxide 
emissions. Nitrous oxide emissions from stationary 
sources were 3.2 MMTCE in 1994. 

Adipic Acid Production 

Nitrous oxide is emitted as a by-product of the 
production of adipic acid. Ninety percent of all adipic 
acid produced in the United States is used to produce 
nylon 6,6. It is also used to produce some low-tem- 
perature lubricants, and to provide foods with a 
"tangy" flavor. In 1994, U.S. adipic acid production 
generated 5.4 MMTCE of nitrous oxide, or 13 per- 
cent of total U.S. nitrous oxide emissions. 

Nitric Acid Production 
Production of nitric acid is another industrial 

source of nitrous oxide emissions. Nitric acid is a raw 
material used primarily to make synthetic commercial 
fertilizer, and is also a major component in the pro- 
duction of adipic acid and explosives. Virtually all of 
the nitric acid that is manufactured commercially in 
the United States is obtained by the oxidation of 
ammonia. During this process, nitrous oxide is 
formed and emitted to the atmosphere. Nitrous oxide 
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emissions from this source were-about 3.8MMTCE 
in 1994, accounting for about 9 percent of total US. 
nitrous oside emissions. 

Other Sources of Nitrous Oxide 
Other activities that emit nitrous oxide include 

the burning of agricultural crop residues and changes 
in land use. Emissions from agricultural crop residue 
burning are extremely small relative to overall U.S. 
nitrous oxide emissions. Nitrous oxide emissions in 
1994 from this source were approximately 0.4 
MMTCE, or about 1 percent of total U.S. nitrous 
oxide emissions. 

Forestry activities may also result in fluxes of 
nitrous oxide, since dry soils are a source of nitrous 
oxide emissions. However, the effects of forestry 
activities on fluxes of these gases are highly uncertain; 
therefore, they are not included in the inventory at 
this time. Similarly, the U.S. inventory does not 
account for several land-use changes because of 
uncertainties in their effects on trace gas fluxes, as 
well as poorly quantified land-use change statistics. 
These land-use changes include loss and reclamation 
of freshwater wetland areas, conversion of grasslands 
to pasture and cropland, and conversion of managed 
lands to grasslands. 

Table ES-5 

HFC, PFC, and SF, Emissions 

Emissions of hydrofluorocarbon (HFC) and per- 
fluorocarbon (PFC) chemicals occur for three rea- 
sons. First, these chemicals were introduced as 
alternatives to the ozone-depleting substances (ODS) 
under phaseout by the Montreal Protocol and Clean 
Air Act Amendments of 1990. Second, some of the 
HFCs and PFCs are emitted as by-products of indus- 
trial reactions. Third, some manufacturing proce- 
dures employ these chemicals intentionally. 

As substitutes for ODSs, HFCs and PFCs do not 
directly harm the stratospheric ozone layeq but they 
are powerful greenhouse gases. In many cases, HFCs 
and PFCs absorb much more radiation than rquiva- 
lent amounts of carbon dioxide. For this reason, their 
emissions are addressed by the Framework 
Convention on Climate Change (FCCC). An example 
of an ODS substitute with a high global warming 
potential (GWP) is HFC-l34a, with a GWP of 1,300 
over a 100 year time horizon. Emissions of HFC- 
134a reached 3.7 MMTCE in 1994. Other HFCs 
included in the Inventory are HFC-125, HFC-l52a, 
and HFC-227; their emissions are listed in Table ES- 
5. From 1990 to 1994, the use of CFCsubstitutes has 
grown primarily due to HFC-134a use in automobile 

air conditioners. Emissions of HFCs 
and PFCs as ODS substitutes are 
expected to rise. 

Emissions of HFCs and PFCs 
also occur as by-products of indus- 
trial reactions. HFC-23 is produced 
and emitted as a by-product of 
HCFC-22 production; 1994 HFC- 
23 emissions were estimated to be 
13.8 MMTCE. The PFCs, CF, and 
C,F,, were emitted as by-products 
of aluminum smelting; 1994 CF, 
and C,F, emissions reached 3.4 
MMTCE and 0.7 MMTCE, respec- 
tively. 

Sulfur hexafluoride (SF,) use 
occurs primarily in electrical trans- 
mission and distribution systems 
where it serves as a dielectric and 
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Chlorofluorocarbons (CFCs) and other halogenated com- 
pounds were first emitted into the atmosphere this cen- 
tury. This family of man-made compounds includes 
chlorofluorocarbons. halons. methyl chloroform, carbon 
tetrachloride. methyl bromide. and hydrochlorofluorocar- 
bons (HCFCs). These substances are used in a variety of 
industrial applications. including foam produdon and 
refrigeration. air conditioning, solvent cleaning, steriliza- 
tion. fire extinguishing, paints, coatings. other chemical 
intermediates. and miscellaneous uses (e.&. aerosols. pro- 
pellants and other products). 

Because these compounds have been shown to 
deplete smtospheric ozone, they are rvpically referred to 
as ozone depleting substances.or OD%. In addition. they 
are important greenhouse gases because they block 
infrared radiation t h a t  would otherwise escape into space 

Recognizing the harmful effects of these compounds 
on the atmosphere.in 1987 many governments signed the 
Montreal Protocol on Substances that Deplete the Ozone 
Layer to limit the production and consumption of a num- 
ber of CFCs and other halogenated compounds. As of 
August 1995. 149 countries have signed the Montreal 
Protocol. The United States furthered its commictnent to 

phase out these substances by signing and ratifying the 
Copenhagen Amendments to the Montreal Protocol in 
1992. Under these amendmeno. the United Setes com- 
mitted to eliminating the production of all halons by 

(IPCC, 1990). 

January I. 1994,and all CFCs by January I. 1996. 
The IPCC Guideher do not include reporring emissions 

of CFCs and related compounds because their use is 
being phased out by the Monwal Protocol. The United 
States believes that no inventory is complete without 
these emissions: therefore, emission estimates for several 
Class I and Class II ODSs are provided in the table below. 
Compounds are classified as “Class I” or “Class II” sub- 
stances based on their ozone-depletion potential. and 
must adhere to a distinct set of phase out requirements 
under the Montreal Protocol. Class I compounds are the 
primary ODSs In use today, Class II compounds include 
partially halogenated chlorine compounds (known as 
HCFCs). some of which were developed as interim 
replacements for CFCs. Because these HCFC com- 
pounds are only partially halogenated their hydrogen-car- 
bon bonds are more vulnerable w oxidation in the 
troposphere, and therefore pose only about one-tenth to 
onehundredth the threat to matospheric ozone corn 
pared to CFCs. Also, it should be noted that the effects 
of these compounds on radiative forcing are not provided 
here. Although CFCs and related compounds have very 
large direct GWPs,rheir indirect effects are believed to  be 
negative and,therefore. could significantly reduce the mag- 
nitude of their direct effects (IPCC. 1992). Given the 
uncertainties surrounding the net effect of these gases, 
they are reported here on a full molecular weight basis 
only. 

Compound Emissions 
(Million MetricTonner: 

Molecular Weight) 

abrr I ODSs 
CFC- I I 0.037 
CFC- I 2  0.059 
CFC-I I 3  0.0 I 7  
CFC- I I4  0.005 
CFC-I 15 0.003 
Carbon Tetrachloride 0.016 
Methyl Chloroform 0.078 
Halon- I2  I I 0.00 I 
Halon- I30 I 0.002 

Compound 

Class I I  ODSs 
HCFC-22 
HCFC-123 
HCFC- I24 
HCFC- 14 I b 
HCFC-142b 

SourceAbscck (1995) 

Emissions 
(Million Metric Tanner; 

Molecular Weight) 

0. IO5 
0.002 
0.002 
0.0 I6  
0.0 I O  

insulator in circuit breakers, gas-insulated substa- 
tions, and related equipment. Emissions occur from 
this use due to older, leaky equipment, improper 
maintenance, or intentional venting of the gas. The 
metals industries also employ SF, in degassing and 
magnesium protection. For this latter use, SF, pro- 
tects molten metal from catastrophic oxidation, a 

process which emits most or all of the chemical. 
Overall emissions will likely grow if the need for 
magnesium in alloys increases as expected. In 1994, 
emissions of SF, reached 7.0 MMTCE. 

Chlorofluorocarbons (CFCs) and other halocar- 
bons, which were emitted into the atmosphere for the 
first time this century, have been shown to deplete 
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-- -stratospheric ozone, and thus are typically referred to 
as ozone-depleting substances, or ODSs. Emission 
estimates for several ODSs are provided in Box ES-2. 

The growing semiconductor industry emits such 
greenhouse gases as CF,, C,F,, NF,, SF,, C3F8, and 
HFC-23 due to use in plasma etching and chemical 
cleaning applications. Emissions of these gases in the 
semiconductor industry are expected to grow. 

Criteria Pollutant Emissions 

Carbon monoxide (CO), nitrogen oxides (NO,), 
nonmethane volatile organic compounds (NMVOCs), 
and sulfur dioxide (SO,) are commonly referred to in 
the United States as “criteria pollutants”.’ Carbon 
monoxide is created when carbon-containing fuels 
are burned incompletely; oxides of niwogen, NO and 
NO,, are created from lighming, biomass fires, fossil- 
fuel combustion, and in the stratosphere from nitrous 
oxide (N,O); NMVOCs include compounds such as 
propane, butane, and ethane, and are emitted pri- 
marily from transportation and industrial processes, 
as well as biomass burning, and nonindustrial con- 
sumption of organic solvents (U.S. EPA, 1990b); SO, 
can result from the combustion of fossil fuels, indus- 
trial processing (particularly in the metals industry), 
waste incineration, and biomass burning (US. EPA, 

Table ES-6 

1993b). 
Because of their contribution to the formation of 

urban smog, criteria pollutants are regulated under 
the 1970 Clean Air Act and successive amendments. 
These gases also have an impact on global climate, 
although their impact is limited because their radia- 
rive effects are indirect (k., they do not directly act as 
greenhouse gases, but react with other chemical com- 
pounds in the atmosphere). It should be noted, how- 
ever, that SO, emitted into the atmosphere affects the 
Earth’s radiative budget negatively; therefore, it is dis- 
cussed separately from the other criteria pollutants 
(see Box ES-3). 

The most important of the indirect effects of the 
criteria pollutanrs - CO, NO, and NMVOCs - is 
their role as precursors of tropospheric ozone. In this 
role, they contribute to ozone formation and alter the 
atmospheric lifetimes of other greenhouse gases. For 
example, CO interacts with the hydroxyl radical 
(OH) -the major atmospheric sink for CH, - to 
form CO,. Therefore, increased atmospheric concen- 
trations of CO limit the number of OH compounds 
available to destroy CH,, thus increasing its annos- 
pheric lifetime. 

These criteria pollutants are generated through a 
variety of anthropogenic activities, including fossil 
fuel combustion, solid waste incineration, oil and gas 

production and processing. indus- 

I 
\ I  

-. 

trial processes and solvent ux’, and 
agricultural crop waste burning. 
Table ES-6 summarizes US. emis- 
sions from these sources for 1994. 
The United States has annually 
published estimates of criteria pol- 
lutants since 1970. Table ES-6 
clearly shows that fuel consump- 
tion accounted for the majority of 
emissions of these gases. In fact, 
motor vehicles that burn fossil fuels 
comprise the single largest source of 
CO emissions in the United States, 
contributing nearly 90 percent of 

:i 
ti.,; 
.,., 

. ,  . .  I The term criteria pollutant refcn to those compounds for which mainmcnt criteria have been established under the Clean Air Act 
Amcndmenn of 1970. NO, NO,, NMVOCr, and SO2 all have air quality standards for which air qualiry criteria have k e n  issued. 
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all US.  CO emissions in 1994. Motor vehicles also 
emit about half of total U.S. NOx and NMVOC 
emissions. Industrial processes, such as the manufac- 

ture of chemical and allied products, metals process- 
ing, and industrial uses of solvents, are also major 
sources of CO, NO, and NMVOCs. 

Sulfur dioxide (SO3 emitted into the amosphere 
through natural and anthropogenic processes affects the , Earth's radiative budget through photochemical transfor- 

1 mation into sulfare particles that I) scafter sunlight back w 
1 space, thereby reducing the radiation reaching the Earth's 

surface: 2) possibly increase the number of cloud conden- ' sation nuclei, thereby potentially altering the physical char- 
acteristics of clouds. and 3) affect atmospheric chemical 
composition, e.g. stratospheric ozone. by providing sur- 
faces for heterogeneous chemical processes. As a result 
of these activities, the effect of sulfur dioxide on radiative 
forcing may be negative (IPCC, 1992). Therefore, since i t s  
effects are uncertain and potentially opposite from the 
other criteria pollutants, emissions of SO, have been pre- 

Sulfur dioxide i s  important for reasons other than its 
effect on radiative forcing. It is a major contributor to the  
formation of urban smog and acid rain. As a contributor 
to urban smog. high concentrations of SO, can cause sig- 
nificant increases in acute and chmnic respirawry dis- 
eases. In addition, once SO, is emitted. it is chemically 
transformed in the atmosphere and returns to eanh as 
the primary contributor to acid deposition. o r  acid rain. 
Acid rain has been found to acceleraw the decay of build- 
ing materials and paints. as well as cause the acidification 
of lakes and streams and damage trees. As a result of 
these harmful effectsthe US. has regulated the emissions 
of SO, in the Clean Air Act of I970 and in its amendments 
of 1990. The US. €PA has also developed a stratew to 

rented separately. 
The major source of SO, 

emissions in the US. is the burn- 
ing of sulfur containing fuels. 
mainly coal. Metal smelting and 
other industrial processes also 
release significant quantities of 
SO,. As a result, the largest con- 
tributor to overall US. emissions 
of SO, are electric utilities. 
accounting for about 70 percent 
Coal combustion accounted for 
approximately 96 percent of SO, 
emissions from electric utilities. 
The second largest source is 
industrial fuel combustion. which 
produced about 14 percent of 
1994 SO, emissions. 

_. 
control these emissions via four 
programs: I) the National 
Ambient Air Quality Program. 
which protects air quality and 
public health on the local level; 
2) the New Source Performance 
Standards. which set emission 
limits for new sources: 3) the 
New Source RwiewIPrevention 
of Significant Deterioration 
Program. which protects air 
qualir). from deteriorating. espe- 
cially in clean areas; and 4) the 
Acid Rain Program. which 
addresses regional environmen- 
tal problems often associated 
with long-range transport of 
SO, and other pollutants. 

I 

i 
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he Earth naturally absorbs radiation from the sun, primarily at the surface, and reradiates this energy to T space. A portion of this reradiated energy is absorbed or “trapped” by gases in the atmosphere. This 
“trapped” energy warms the Earth‘s surface and atmosphere, creating what is known as the ”natural green- 
house effect.” Without the natural heat-trapping properties of these atmospheric gases, the Earth’s temperature 
would average about 55°F lower than today. 

Naturally occurring greenhouse gases include water vapor, carbon dioxide (CO,), methane (CH,), nitrous 
oxide (N,O), and ozone (03).’ Chlorofluorocarbons (CFCs) and hydrochlorofluorocarbons (HCFCs), a family 
of human-made compounds, their substitutes hydrofluorocarbons (HFCs), and other compounds such as per- 
fluorocarbons (PFCs), are also greenhouse gases. In addition, there are other photochemically important gases 
such as carbon monoxide (CO), oxides of nitrogen (NO,), and nonmethane volatile organic compounds 
(NMVOCs) that, although not greenhouse gases, contribute indirectly to the greenhouse effect. These are com- 
monly referred to as tropospheric ozone precursors because they influence the rate at which ozone and other 
gases are created and destroyed in the atmosphere. Box 1 contains a brief description of these gases, their 
sources, and their roles in the atmosphere.z In addition, emissions of sulfur dioxide (SO,) are provided in Annex 
F of this report. Sulfur gases, primarily sulfur dioxide, are believed ro contribute negatively to the greenhouse 
effect. Therefore, the U.S. has discussed these emissions separately. 

Although CO,, CH, and N,O occur naturally in the atmosphere, their recent atmospheric buildup appears 
to be largely the result of anthropogenic activiries. This buildup has altered the composition of the Earth’s 
atmosphere, and possibly will affect future global climate. Since 1800, atmospheric concentrations of CO, have 
increased more than 25 percent, CH, concentrations have more than doubled, and N,O concentrations have 
risen approximately 8 percent (IPCC, 1992). And, from the 1950s until the mid-I980s, when international con- 
cern over CFCs grew, the use of these gases increased nearly 10 percent per year. The consumption of CFCs is 
declining quickly, however, as these gases are phased our under the Montreal Protocol. Use of CFC substitutes, 
in contrast, is expected to grow significantly. 

1 Ozone exists in rhe rvarosphere and troposphere. In the stratosphere (about 20-50 km above the Earrh’s surface), ozone provides P 

prormivc layer shielding the Fad from ultraviolet radiation and subsequent harmful health effem on humans and the environment. In 
the troposphere (from the Eanh3 surface ro about 10 km above), ozone is a chemical oxidant and major component of photochemical 
smog. Mort ozone is found in the matosphere, with some transport occurring to the troposphere (through the tropopause, Le., the 
transition w n c  separating the stratospherc and the troposphere) (IPCC, 1992). 
I For convenience, all gases discussed in this inventory arc generically referred IO as ‘greenhouse gases,” alrhough the reader should keep 
in mind the distinction krwccn actual greenhouse gases and other photochemically imponanr trace gases. 
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The Greenhouse Gases 

Carbon Dioxide (Cod. The combustion of liquid, 
solid. and gaseous fossil fuels is the maior anthropogenic 
source of carbon dioxide emissions. Some other non-energy 
production processes (e& cement production) alro emit 
notable quantities of carbon dioxide. Carbon dioxide emis- 
sions are also a product of forest clearing and biomass burn- 
ing, Atmospheric concentrations of CO, have been 
increasing at a rate of approximately 0.5 percent per year 
(IPCC. 1992). although recent measurements suggest that 
this rate of growth may be moderating (Ken; 1994). 

In nature, CO, is cycled between various atmospheric, 
oceanic.iand biotic.and marine biotic reservoirs. The largest 
tluxes occur between the atmosphere and terrestrial biota. 
and between the atmosphere and surface water of thhe 
oceans. While there is a small net addition of CO, to the 
atmosphere (Le., a net source of C O j  from equatorial 
regions. oceanic and terrestrial biota in the Northern 
Hemisphere, and to a lesser extent In the Southern 
Hemisphere, act as a net sink of C02 (i.e.. remove more CO, 
from the atmosphere than they release) (IPCC. 1992). 

Methane (CH,). Methane is produced through anaero- 
bic decomposition of organic matter in biological systems. 
Agricultural processes such Y wetland rice cultivation. 
enteric fermentation in animals, and the decomposition of 
animal wastes emit CH,. as does the decomposition of 
municipal solid wastes. Methane i s  also emitted during the 
production and distribution of natural gas and oil, and is 
released as a by-product of coal production and incomplete 
fuel combustion. The atmospheric concentration of CH,. 
which has been shown to be increasing at a rate of about 0.6 
percent per year, may be stabilizing (Steele. et al., 1992). 

The major sink for CH, is its interadon with the 
hydroxyl ndical (OH) in the troposphere. This interaction 
results in the chemical destruction of the CH, compound, as 
the hydrogen molecules in CH, combine with the oxygen in 
OH to form watervapor (H,O) and CH,. After a number of 
other chemical interactions. the remaining CHI turns into 
CO which itself reacts with OH to produce carbon dioxide 
(Cod and hydrogen (H). 

Halocarbons. Halocarbons covered by the Montreal 
Protocol are human-made compounds that include chiomflu- 
omcarbons (CFCs). halons. methyl chloroform. carbon tetra- 
chloride, methyl bromide, and ~drochlorotluorocarbons 
(HCFCs). All of these compounds not only enhance the 
greenhouse effecr. but also contribute to stratospheric ozone 
depletion. Under the Monyeal Protocol, which controls the 
production and consumption of these chemicals. the US. will 
phase out the production and use of CFCs. HCKs. and 
other ozone-depleting substances by December 31. 1995. 
Perfluorinated carbons (PFCs) and hydrofluorocarbons 
(HFCs). a famiiy of CFC and HCFC replacements not cov- 
ered under the Monueal Protocol. are ais0 powerful green- 
house gases. 

Nitrous Oxide (N1O). Anthropogenic sources of 
NzO emissions include soil cultivation practices. especially 
the use of commercial and organic fertilizers. fossil fuel com- 
bustion.adipic (nylon) and nitric acid pducfion.and biomass 
burning. 

Ozone (0,). Ozone is  both produced and destroyed in 
thhe atmosphere through natural processes. Approximately 
90 percent resides in the stratosphere. where it contmls the 
absorption of solar ultraviolet radiation; the remaining i o  
percent is found in the tmporphere and could play a signifi- 
cant greenhouse role. Though Ol is  not emimd directly by 
human activiv. anthropogenic emissions of several gases 
influence its concentration in the stratosphere and tropos- 
phere. Chlorine and bromine-containing chemicals, such as 
CFCs. deplete stratospheric 0,. However. as previously 
stated, under the Monueal Protocol. the US. will phase out 
the production and use of CFG and other ozone-depleting 
substances by December 31. 1995. 

Increased emissions of carbon monoxide (CO). non- 
methane volatile organic compounds (NMVOCs). and oxides 
of nirrogen (NOJ have contributed to the increased pm- 
duction of tropospheric ozone (otherwise known as urban 
smog). Emissions of these gases. known as criteria polluents, 
are regulated under the Clean Air Act of 1970 and subse- 
quent amendments. 

Other Photochemically important Gases 

Carbon Monoxide (CO). Carbon monoxide is created 
when carbon-containing fwls are burned incompleteb. Carbon 
monoxide elevates concenrradons of CH, and tropospheric 
ozone through chemical reactions with atmospheric con- 
stituenu (e.g..the hydro* radical) that would otherwise assist 
in desuuying CH, and 0,. It eventually oxidizes to CO? 

Oxides of Nitrogen (NO& Oxides of nitrogen. NO 
and NO,. are created from lightning. biomass burning (both 
natural and anthropogenic flres).fossil fuel combustion.and in 
thhe stratosphere from NzO. They play an important role in 

climate change processes due to their contribution to the 
formation of ozone. 

Nonmethane Volatile Organic Compounds 
(NMVOCs). Nonmethane VOCs include compounds such 
as propane, butane. and ethane. These compounds p r r i c i -  
pate along with NO, in the formation of ground-lwel ozone 
and other photochemical oxidants. Nonmethane VOCs are 
emitted primarily from transportation and industrial 
processes. as weli as biomass burning and non-industrial con- 
sumption of organic solvents (US. EPA. 1990b). 
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The Inventory Process 

Central to any study of climate change is the 
development of an emissions inventory that identifies 
and quantifies a country's primary sources and sinks 
of greenhouse gases. Developing and participating in 
the inventory process is important for two reasons: 
(1) it provides a basis for the ongoing development of 
a comprehensive and detailed methodology for esti- 
mating sources and sinks of greenhouse gases, and (2) 
it provides a common and consistent mechanism 
through which all signatory countries to the United 
Nations' Framework Convention on Climate Change 
(FCCC) can estimate emissions and compare the rel- 
ative contribution of different emission sources and 
greenhouse gases to climate change. Moreover, sys- 
tematically and consistently estimating emissions a t  
the national and international levels is a prerequisite 
for evaluating the cost-effectiveness and feasibility of 

pursuing possible mitigation strategies and imple- 
menting emission reduction technologies. 

This report presents estimates by the United 
States government of US. greenhouse gas emissions 
and sinks for 1990-1994. A summary of these esti- 
mates is provided in Table 1 by gas and source cate- 
gory. T h e  remainder of this document discusses the 
methods and data used to calculate these emission 
estimates. The emission estimates in Table 1 are pre- 
sented on both a full molecular basis and on a car- 
bon-equivalent basis in order to show the relative 
contribution of each gas to total radiative forcing (see 
Box 2 for an explanation of how the relative contri- 
bution of each gas was calculated). 

The U.S. views this submission as an opportunity 
to fulfill its commitment under Article 4-1 of the 
FCCC, which came into force on March 21, 1994, 
following ratification. As decided at the Ninth 
Session of the International Negotiating Committee 

As mentioned, gases can contribute to the greenhouse 
effect both directly and indi+. Direct effects occur when 
the gas irrelf is  a greenhouse gas. Indirect radiative forcing 
occurs when chemical vansformation of the original gas pro- 
duces a gas or gases that are greenhouse gases.or when a gas 
influences the atmospheric fifeuhes of other gases. The 
concept of Global Warming Potential (GWP) has been dwel- 
oped to allow scientists and policy makers to compare the 
abiliry of each greenhouse gas to trap heat in the atmosphere 
relative to another gas. The GWP of a greenhouse gas is the 
ratio of global warming. or radiative forcing (both direct and 
indirect).fmm one kilogram of a greenhouse gas to one kilo- 
gram of carbon dioxide over a period of time. While any 
rime period can be selected. the 100-year GWPs mom 
mended by t h e  IPCC are used in this reporr Carbon diox- 
ide was chosen as the "reference" gar to be consistent with 
IPCC guidelines. Carbon comprises 12/44 of carbon dioxide 
by weight In order to convert emissions reported in million 
metric tonnes of a gas to MMTCE, the following equation is 
used 

MMTCE = (MMT of gas) (GWP of gas) (1144). 

where 

MMTCE = million metric tonnes. carbon-equivalent 
MMT = million metric tonnes.full molecular weight 
GWP = global warming potential. and 
(1x44) =carbon to carbon dioxide molecular weight ratio. 

G W k  are not provided for the photochemically impor- 
rant gases CO, NO,, NMVOCs, and SO, because there is no 
agreed-upon method to estimate their contribution to cli- 
mate change. These gases only affect radiative forcing Indir- 
ecdy. 

GaS 

Carbon dioxide 
Methane' 
Nitrous oxide 
HFC-23 
HFC-I2S 
HFC-I 34a 
HFC- I 52a 
PFCs- 

SF, 

GWP' 
(I 00 Years) 

I 
24.5 
310 

i2.IW 
3.200 
1.300 

140 
9.400 

24,900 

* The methane GWP includes the dired cfea and those 
indim effects due to the pmduction oftmpospheric ozone 
and mtospheric water vapor. The indirecl efea due to the 
pmdudon of CO, is not included. 

** This figure is an average GWP for the two PFG, CF, and 
C2F6 The GWP f ir  CF, i s  6.300 and the GWP for C,F, is 
12.500. 

' IKC.  1994 
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Table I 

(INC), emission estimates are to he estimated and 
presented in accordance with the IPCC Guidelines 

accordance with the ZPCC Guidelines for National 
Greenhouse Gas Inventories (IPCUOECDAEA, 

for National Greenhouse Gas Inventories 1995), unless otherwise noted. 
(IPCUOECDflEA, 1995)’ to ensure that the emission 

comparable across sectors and between nations. The 
inventories submitted to the FCCC are consistent and Methodology and Data 

information provided in this inventory is presented in Emissions of greenhouse gases from various 

Discussions of invenrory methods can also be found in Estimation of Cremhovse Gas Emissionr ond Sinks: Fiat  Report from rhe 
OECD Lrperts Meeting, 18-21 F e b m r y  1991 (Augurr 1991). That r c p n  documcnn bawlinc inventory merhodologics for a varicry of 
source carcgorics, which have subscqucnrly been furrhcr refined bawd on recommcndations provided a i  an PCC-sponrorcd cxgcrrs 
workshop held in Geneva, Switzerland in December 1991 and at an OECDNerherlands-sponrorcd workshop in Amcrsfoorr. 
Netherlands in February 1993. The praceedingr from rhcw meerings, the Fino/ Report (OECD, 1991), as well as several orhcr 
intcrnarional meetings, form rhc basis for rhe current IPCC Guidelines. 
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sources are estimated using methodologies that are 
consistent with Volumes 1-3 of IPCC Guidelines for 
National Greenhouse Gas Inventories (IPCCIOECDI 
IEA, 1995). To the extent possible, the present U.S. 
inventory relies directly on published activity and 
emission factor data.' Inventory emission estimates 
from energy consumption and production activities 
are based primarily on the latest official information 
from the Energy Information Administration of the 
Department of Energy (DOWELA). Emission esti- 
mates for NOx, CO, and NMVOCs are based 
directly on available U.S. Environmental Protection 
Agency (US. EPA) emissions data. These estimates 
are supplemented by calculations using the best avail- 
able activity data from other agencies. Complete doc- 
umentation of emission estimations can be found in 
the sources referenced throughout rhe text. In these 
supplementary calculations, attempts were made to 
adhere as closely as possible to IPCC methods. In 
many cases, the IPCC default methodologies have 
been followed. However, for emission sources consid- 
ered to be major sources in the US., the IPCC default 
methodologies were expanded and more comprehen- 
sive methods used. These instances, including energy 
consumption, forest sinks, and some CH4 sources are 
documented in the text, along with the reasons for 
diverging from the IPCC default methodologies.' 

The majority of U.S. CH, emission estimates pre- 
sented in this inventory are based on methods devel- 
oped in the US. EPA report, Anthropogenic Methane 
Emissions in the United States Estimates for 1990: 
Report to Congress (US EPA, 1993a). That U.S. EPA 
report provided 1990 U.S. CH4 emissions for a vari- 
ety of domestic sources, including natural gas sys- 

tems, coal mining, landfills, domesticated livestock, 
manure management, rice cultivation, fuel combus- 
tion, and production and refining of petroleum liq- 
uids. The methodologies used to arrive at the 
emissions estimates in US. EPA (1993a) are concep- 
tually similar to IPCC methodologies. Where the 

i 

methodologies differ, information is provided in the 
text and/or appendices to ensure that the estimates 
presented are reproducible. 

Emission estimates for NO,, CO, and NMVOCs 
were taken directly, except where noted, from the 
U.S. EPA report, Draft National Air Po lhun t  
Emission Trends 1900-1994 (US. EPA, 199Sb), 
which is an annual US. EPA publication that pro- 
vides the latest estimates of regional and national 
emissions for criteria pollutants.6 Emissions of these 
pollutants are estimated by the U.S. EPA based on 
statistical information about each source category, 
emission factor, and control efficiency. While the U.S. 
EPRs estimation methodologies are conceptually sim- 
ilar to the IPCC-recommended methodologies, the 
large number of sources EPA used in developing the 
estimates makes it difficult to reproduce the informa- 
tion from EPA (199Sb) in this inventory document. In 
these instances, the sources containing the detailed 
documentation of the methods used are referenced 
for the interested reader. 

Organization of the Inventory 

In accordance with the IPCC guidelines for report- 
ing contained in the IPCC Guidelines for National 
Greenhouse Gas Inventories ' (IPCC/OECD/IEA, 
1995), this inventory is organized into six parts. 
These six parts correspond to the six major source 
categories below. In addition, annexes provide addi- 
tional data on calculations which are not included in 
the main text. (Note: while the list below follows the 
IPCC's list of recommended source categories, emis- 
sion sources that are not applicable to the U.S. are not 
included). 
I. Part I covers emissions from all energy activities, 

including: 
A. Fuel Combustion Activities: 

1. Indusuy 
2. Transportation 

* Depending on rhe emission source category, octivily data can include fuel consumption or deliveries, vehicle- miles naveled, raw 
material proccssed, crc.; emission factors arc factors rhar relate the quantity of emissions to the activity. 
3 In order ro fully comply wirh rhc IPCC Guidelines, rhe Unired Stares has provided a copy of the IPCC reporring tables in Annex G. 
6 Criteria pollurants include carbon monoxide (CO), lead (Pb), nirrogen oxides (NO,), panicdare mamr less than ten microns (PM-IO), 
sulfur oxides (SO,), roral particulare mamr ('IT), and nonmethane volarile organic compounds (NMVOCr). 

i' 
i 
3 
$ 

'. 
'1 

I 

Introduction 5 .:i 



- - 3. ReGdential 
4. CommerciaVInstitutional 
5. E!ectric S'tiiities 

B. Fuel Production, Transmission, Storage, and 
Distribution: 
1. Coal mining 
2. Crude oil and natural gas 

C. Biomass for Energy 
11. Part II covers emissions from other industrial 

production processes 
111. Part III covers emissions from solvent use 
IV. Part IV covers emissions from agriculture, 

including: 
A. Enteric Fermentation (in domestic animals) 
B. Manure Management (for domestic animals) 
C. Rice Cultivation 
D. Agricultural Soils 
E. Agricultural Crop Waste Burning 

change and forestry. 

treatment processes, including: 
A. Landfills 
B. Wastewater Treatment 
C. Waste Combustion 

V. Part V covers emissions resulting from land-use 

VI. Pan VI covers emissions from wastes and waste- 

Uncertainty and Limitations 
of Emissions Estimates 

While the current US. 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 of all, 
this report by itself does not provide a complete pic- 
ture of past or future emissions in the U.S.; it only 
provides an inventory of U.S. emissions for the years 
1990-1994. However, the U.S. believes that common 
and consistent inventories taken over a period of time 
can and will contribute to understanding future emis- 
sion trends. The US.  plans to update this compre- 
hensive inventory of greenhouse gas emissions and 
sinks on an annual basis and to use the information 
gained to track progress of commitments made under 
the US. Climate Change Action Plan. This report 
represents the second inventory compiled by the US 

for meeting its commitments under the FCCC. The 
methodologies used to estimate emissions will be 
periodically updated as methods and information 
improve, and as further guidance is received from the 
IPCC. 

Secondly, there are uncertainties associated with 
the emissions estimates. Some of the current esti- 
mates, such as those for CO, emissions from energy- 
related activities and cement processing, are 
considered accurate. For other categories of emis- 
sions, however, a lack of data or an incomplete 
understanding of how emissions are generated limit 
the scope or accuracy of the inventory. For certain 
categories, emission estimates are given as a specific 
range to rrflect the associated uncertainty. Where 
applicable, specific factors affecting the accuracy of 
the estimates are also discussed in detail. 

Finally, while the IPCC methodologies provided 
in the three volume IPCUOECDfiEA report, IPCC 
Guidelines for National Greenhouse Gas Inventories, 
represent baseline methodologies for a variety of 
source categories, many of these methodologies are 
still being refined. The current US. inventory uses the 
IPCC methodologies where possible, and supple- 
ments with other available methodologies and data 
where needed. The U.S. realizes that not only are the 
methodologies still evolving, but that additional 
efforts are necessary to improve methodologies and 
data collection procedures. Specific areas requiring 
further research include: 

Completing estimates for various source cate- 
gories. Quantitative 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 inventory eirher 
because data are incomplete or because method- 
ologies do not exist for estimating emissions from 
these source categories. 

Understanding the relationship between emissions 
and  sources. This is a crucial step in completing 
and refining existing methodologies and in devel- 
oping methodologies for emission source cate- 
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gories where none currently exist. For example, a 
great deal of uncertainty exists in how nitrous 
oxide emissions are produced from energy-related 
activities and fertilizer consumption. As a conse- 
quence, the quality of emission factors and activity 
data for these categories are particularly weak. 

Improving the accuracy ofemission factors. A sub- 
stantial amount of research is underway that could 
improve the accuracy of emission factors used to 
calculate emissions from a variety of sources. For 
example, the accuracy of current emission factors 
used to estimate emissions from surface coal min- 
ing is limited by a lack of available data. Emission 
factors for CH, from landfills are also currently 
undergoing revision. To more accurately assess 
CH, emissions from landfills, researchers are 
working to determine the relationship between 
moisture, climate, and waste composition and 
CH, generation rates. Emission factors used to 
estimate greenhouse gas emissions from biomass 
burning and land use are also being revised. 

rn Providing appropriate activity data. Although 
methodologies exist for estimating emissions for 
some source categories, problems arise in obtain- 

ing data that are compatible with methodology 
requirements. For example, the ability to estimate 
emissions from oil and gas systems is constrained 
by a lack of information on compressor type, 
amount of leakage, and emission control technol- 
ogy. In the agricultual sector, estimating emissions 
of animal wastes using the IPCC methodology is 
arduous because of the complexity of the data 
required. Obtaining information on animal 
weights, waste management systems, and feeding 
practices by animal type is difficult. Efforts need to 
be made to collect activity data appropriate for use 
in the IPCC methodologies. 

The uncertainties and limitations associated with 
calculating greenhouse gas emissions are both qualita- 
tive and quantitative. Emissions calculated for the US. 
inventory reflect current best estimates; in some cases, 
however, estimates are based on approximate method- 
ologies and incomplete data. Efforts need to be made 
to improve existing methodologies and data collection 
activities, so that methodologies and data are consis- 
tent with one another and so that they allow both the 
U.S. and other countries to estimate emissions with 
greater ease, certainty, and consistency. 

I 
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nergy-related activities are the most significant source of U.S. anthropogenic greenhouse gas emissions, E accounting for roughly 88 percent of total US. emissions annually on a carbon equivalent basis. This 
includes almost 99 percent of carbon dioxide (CO,) emissions and just under one third of the nation’s methane 
(CH,) and nitrous oxide (N,O) emissions. Energy-related CO, emissions comprise close to 85 percent of total 
national emissions on a carbon equivalent basis, while the non-C02 emissions represent a much smaller por- 
tion of total national emissions (less than 5 percent collectively). 

Emissions from fossil fuel combustion comprise the vast majority of energy-relared emissions, with CO, 
being the main gas emitted. Due to the relative importance of combustion related CO,, these emissions are con- 
sidered separately from other emissions. Fossil fuel combustion also emits CH, and N,O, as well as criteria pol- 
lutants such as nitrogen oxides (NO,), carbon monoxide (CO), and non-methane volatile organic compounds 

Energy-related activities other than fuel combustion, such as the production, transmission, storage, and dis- 
tribution of fossil fuels, also emit greenhouse gases. These emissions consist primarily of CH4 from natural gas 
systems, oil production and refining, and coal mining. Smaller quantities of CO,, CO, NMVOCs, and NOx are 
also emitted. 

(NMVOCs). 
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The combustion ofbiomass and biomass-based fuels also emits greenhouse gases, although CO, emissions 
from these activities are not included in the U.S. total because biomass resources in the U.S. are used on a SUS- 

taiaablc basis. That is, the carbon released when biomass is consumed is recycled as U.S. forests regenerate, 
causing no additional CO, to be added to the atmosphere. The net impact of land-use activities on the forest 
sector carbon cycle are accounted for in Part V of this document, 

Overall, the energy sector was driven by a strengthening US. economy following an economic slowdown 
in 1991. This resulted in a general increase in the production and consumption of fossil fuels since 1990, with 
an associated increase in greenhouse gas emissions. Overall, emissions due to energy-related activities have 
increased nearly 4 percent from 1990 to 1994, rising from 1,408 MMTCE in 1990 to 1,461 MMTCE in 1994. 
This largely defines the trend in total U.S. anthropogenic greenhouse gas emissions, since energy-related emis- 
sions represent the vast majority of total emissions (about 88 percent). Discussion of specific energy sector 
trends is presented below. 

EMISSIONS FROM FOSSIL FUEL CONSUMPTION 

Carbon Dioxide Emissions 
from Fossil Fuel Consumption 

Background and Overall Emissions 

The majority o f  energy in the United States, 
approximately 88 percent, is produced through the 
combustion of fossil fuels such as coal, natural gas, 
and petroleum (see Figure J-1). The remaining 12 per- 
cent comes from other sources such as nuclear enerm, 
hydropower, and biomass fuels. 

After 1990, during which carbon dioxide (COJ 
emissions from fossil fuel combustion were 1,336 
MMTCE,  there was a Figure 1-1 

slight decline of emissions 
in 1991, followed by an 
increase to 1,390 MMTCE 
in 1994. These trends are 
directly attributable to 
increased economic actiu- 
ity since the economic 
downturn in the early 
1990’s. About 60 percent 
of the increase since 1990 
has come from increased 
natural gas consumption, 
30 percent from coal, and 
10 percent from oil. Ouer 
two thirds of  the increase 

from 1993 to 1994 was due to oil products, ofwhich 
two thirds can be attributed to growth in the trans- 
portation sector (see Table 1-1). 

As fossil fuels are combusted, the carbon stored 
in the fuels is emitted as CO2 and smaller amounts of 
other gases, including CO, CH,, and NMVOCs. 
These other gases are emitted as a by-product of 
incomplete fuel combustion. The amount of carbon 
in the fuel varies significantly by fuel type. For exam- 
ple, coal contains the highest amount of carbon per 
unit of useful energy. Petroleum has about 80 percent 
of the carbon per unit of energy as compared to coal, 

Approximately 88% of US. energy is produced 
thmuKh the combustion of fossil fuels. 

and natural gas has only 
about 55 percent. 
Petroleum supplies the 
largest share of U.S. 
energy needs, accounting 
for just over 40 percent of 
total energy consumption 
on an annual basis (see 
Figure 1-1). Natural gas 
and coal follow in order 
of importance, account- 
ing for an average of 25 
and 23 percent of total 
consumption, respec- 
tively. Most petroleum is 
consumed in the trans- 
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I ponation sector, while the vast majority of coal is 
used by electric utilities, and natural gas is consumed 
largely in the industrial and residential sectors. 

Following just over a one percent decline in 
1991, US. emissions of CO, from energy increased 
approximately two percent annually through 1994. 
The major factor behind this trend was the growing 
domestic economy, combined with relatively low 
energy prices and extreme weather conditions (EIA, 
1994a). 

Coal production fell in 1993 due primarily to a 
United Mine Workers strike, but consumption was 
largely unaffected as stocks were drawn down (EIA, 
1994b). In fact, energy-related combustion of coal 
was up 3 percent in 1993 and leveled off in 1994, due 

~ 

I 

almost exclusively to increased use by electric utilities. 
Oil combustion increased by about 1 and 3 per- 

cent in 1993 and 1994, respectively.This was spurred 
largely by U.S. economic growth and lower peuo- 
leum prices (EIA, 1994a), which are shown in Figure 
1-2. A major portion of the increase was in the trans- 
portation sector, which accounted for almost two- 
thirds of the growth in petroleum demand during this 
period. 

Natural gas combustion rose by about 3 percent 
and 2 percent, respectively, in 1993 and 1994, driven 
largely by heating uses in the residential and commer- 
cial sectors due to exceptionally cold winters This con- 
sumption increase was accompanied by an increase in 
gas prices, production, imports, and storage as the nat- 
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ural gas industry responded to pressures placed on it 
by intense seasonal demands and adjustment to indus- 
try restructuring under Federal Energy Regulatory 
Commission (FERC) Order 636, which increased the 
complexity of natural gas service and heightened com- 
petition among gas providers (EIA, 1994h). 

Sectoral Contributions 
The four end-use sectors that contribute to CO, 

industrial; 
transportation; 
residential; and 
commerciaVinstitutional. 

Electric utilities also emit CO,, although these 
emissions are produced as they consume fossil fuel to 
generate electricity which is ultimately consumed by 
the four end-use sectors. For the discussion below, 
utility emissions have been distributed to the end-use 
sectors based on electricity consumption in those sec- 
tors. Emissions from utilities are addressed separately 
after the end-use sectors have been discussed. 

emissions from fossil fuel combustion include: 

Industrial Sector 
From 1990 through 1994, the industrial sector 

accounted for just over one-third of U.S. CO, emis 
sions from fossil fuel consumption (see Figure 1-3). 
On average, nearly two-thirds of these emissions 
resulted from the direct consumption of fossil fuels in 

400 

Y 300 10% 

order to meet industrial demand for steam and 
process heat. The remaining one-third of industrial 
energy needs was met by electricity for uses such as 
motors, electric furnaces and ovens, and lighting. 

Coal consumption by industry has remained rel- 
atively constant since 1992, with a slight increase in 
coal consumption for general industrial use offset by 
a drop in coal consumption at coke plants (EM, 
1994b). In comparison, industrial use of natural gas 
was up in 1993 due to overall sector growth, and lev- 
eled out in 1994 as the result of localized economic 
slowdowns in the Northeast and California (EM, 
1994h). The opposite trend occurred with petroleum 
consumption, which declined in 1993 and subse- 
quently increased in 1994. This trend was largely dri- 
ven by decreased 1993 demand for distillate-fuel oil, 
LPG, and still gas, which rebounded in 1994. 

The industrial sector is also the largest user of 
non-energy applications of fossil fuels. Fossil fuels 
used for producing fertilizers, plastics, asphalt, or 
lubricants can store carbon in products for very long 
periods. Asphalt used in road construction, for exam- 
ple, stores carbon indefinitely. Similarly, fossil fuels 
used in the manufacture of materials like plastics also 
store carbon, releasing this carbon only if the product 
is incinerated. Industrial non-fuel use rose about 22 
percent between 1990 and 1994 (3,910 TBtu in 1990 
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to 4,788 TBtu in 1994).' This increase, however, has 
a negligible effect on total US. emissions since non- 
fuel use comprises less than 7 percent of fossil fuel 
consumption and the annual change in non-fuel use is 
less than 0.3 percent of total consumption. 

Transportotion Sector 
The transportation sector is also a major source 

of CO,, accounting for slightly over 30 percent of U.S. 
combustion-related emissions on an annual basis. 
V i a l l y  all of the energy consumed in this sector 
comes from petroleum-based products, with nearly 
two-thirds of the emissions resulting from gasoline 
consumption in automobiles and other vehicles. Other 
uses, including diesel fuel for the trucking industry and 
jet fuel for aircraft, account for the remainder. 

Following the overall trend in US. energy con- 
sumption, fossil fuel combustion for transportation 
has grown steadily after declining in 1991, with asso- 
ciated increases in C 0 2  emissions (410 MMTCE in 
1990 to 424 MMTCE in 1994). From 1992 to 1994, 
petroleum consumption increased about 4 percent. 
This increase was caused by the rising consumption 
of motor gasoline, distillate fuel, and jet fuel, as travel 
increased. This was slightly offset by decreases in the 
consumption of residual fuel and liquefied petroleum 
gases, as well as a slight decline in the energy inten- 
sity of the U.S. passenger vehicle fleet. Declining 
petroleum prices during these years (see Figure 1-2), 
combined with a stronger economy, was largely 
responsible for transportation growth, causing an 
overall increase in vehicle miles traveled by on-road 
vehicles, as shown in Figure 1-4 (EM, 1994a). 

Residentiol and Commercial Sectors 
From 1990 to 1994, the residential and commer- 

cial secton have, on average, accounted :or about 19 
and 16 percent, respectively, of C 0 2  emissions from 
fossil fuel consumption. Unlike in other major U.S. 
sectors, residential and commercial emissions did not 
decline in 1991, but rather grew slowly during the 
entire period from 1990 to 1994. Both sectors are 
heavily reliant on electricity for meeting energy needs, 
with about two-thirds of their emissions attributable 
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to electricity consumption for lighting, heating, cool- 
ing, and operating appliances. The remaining emis- 
sions are largely due to the direct consumption of 
natural gas and petroleum products, primarily for 
heating and cooking needs. 

Coal consumption is a small component of 
energy use in the residential and commercial sectors, 
but has increased slightly from 1990 to 1994 
(accounting for about 1 percent of total residential 
consumption and 2 to 3 percent of total commercial 
consumption). Residential and commercial natural 
gas consumption increased slightly during both 1993 
and 1994. This slow upward trend was primarily due 
to sectoral growth, a shift toward natural gas heat in 
new-home starts and old-home conversions, and 
abnormally cold winter months in these two years 
(EIA, 1994h). The majority of the annual increases 
are due to colder than normal weather patterns, 
which occurred in the eastern U.S. for the winters of 
1993 and 1994. Specifically, the cold spell of March 
1993 caused a combined 5 percent increase in resi- 
dentiakommercial consumption over 1992 levels, 
and the cold spell of January 1994 resulted in 18 per- 
cent higher residential deliveries and 30 percent 
higher commercial deliveries compared to those in 
January 1993. Oil consumption and related emis- 

I Throughout this document, TBm stands for trillion BUS, or 10'2 Brua 
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siois in these sectors remained relatively constant 
during this period, with only a slight increase in resi- 
dential iorisuriiptiori and a slight decrease in com- 
mercial consumption. This static trend is largely 
caused by the offsetting factors of sectoral growth 
and a shift toward natural gas heating. 

Electric Utilities 
The U.S. relies on electricity to meet a significant 

portion of its energy requirements. In fact, as one of 
the largest consumers of fossil fuel in the U.S. (aver- 
aging 28 percent of total fossil fuel consumption on 
an energy basis), electric utilities are collectively the 
largest producers of U.S. CO, emissions (see Figure E 
5) .  These emissions are produced as electricity is gen- 
erated for such uses as lighting, heating, electric 
motors, and air conditioning in the industrial, resi- 
dential, and commerciallinstitutional end-use sectors. 
Since electric utilities consume such a substantial por- 
tion of U.S. fuel to generate this electricity, the type of 
fuel they use has a significant effect on the total 
amount of CO, emitted. For example, some of this 
electricity is generated with the lowest CO,-emitting 
energy technologies, particularly non-fossil options 
such as nuclear energy, hydropower, or geothermal 
energy. However, electric utilities rely on coal for over 
half of their total energy requirements and account 
for about 87 percent of all coal consumed in the U.S. 
Consequently, changes in electricity demand have a 
significant impact on coal consumption and associ- 
ated CO, emissions. 

Due almost exclusively to an increase in utility 
consumption, coal-related emissions increased 
approximately 3 percent in 1993 over 1992 levels. 
This increase occurred despite a large drop in 1993 
coal production due to a United Mine Workers strike, 
resulting in a substantial depletion of utility stock- 
piles (EIA, 1994b). There are three reasons for the 
consumption increase (EIA, 1994b). First, there was 
nearly a 4 percent increase in electricity demand 
caused by a hot 1993 summer following a relatively 
cool summer in 1992. Second, there was general 
growth in the U.S. economy accompanied by reduced 
imports of Canadian electricity. Third, compared to 
earlier years, coal constituted a slightly larger share of 
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the electricity mix, primarily due to a reduction in 
nuclear power generation caused by plant outages in 
the Midwest and Southeast. A smaller increase in util- 
ity coal consumption occurred in 1994 as the U.S. 
economy continued to strengthen. This gain was par- 
tially offset by more moderate summer temperatures. 

Utility consumption of natural gas declined in 
1993 due to rising gas prices relative to coal and oil 
and a displacement of marginal production by hydro- 
electric generation following record levels of precipi- 
tation in the Midwest and West (EIA, 1994h and EIA, 
1994i). Utility natural gas use increased slightly in 
1994, as the natural gas industry stabilized following 
a series of cold winters and industry restructuring. 
Also, gas prices fell, making gas-based electricity pro- 
duction more economical. 

Petroleum constitutes a relatively small portion 
of utility fossil fuel consumption (approximately 5 to 
6 percent), mostly occurring in the eastern United 
States. Utility petroleum consumption increased 
slightly in 1993 and leveled off in 1994. This trend 
was due largely to a 1993 summer heat wave in the 
eastern US., combined with relatively low petroleum 
prices cpmpared to natural gas through the first half 
of 1993. This was followed in 1994 by declining gas 
prices relative to petroleum, which encouraged gas 

consumption at the expense of petroleum use. 
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Methodolow Used to Estimate Emissions from the Energy Information Administration -. 
The methodology used by the US. for estimating 

CO, emissions from fossil fuel combustion is concep- 
tually similar to the approach recommended by the 
IPCC for countries that intend to develop detailed, 
sectoral-based emission estimates (IPCCIOECDEIA, 
1995; Vol. 3). A detailed description of the U.S. 
methodology is presented in Annex A, and is charac- 
terized by the following five steps: 

.~ 

(EIA) of the U.S. Department of Energy (DOE), 
which is responsible for the collection of all US. 
energy data. By aggregating consumption data by 
sector (e.g., commercial, i n d u s t d ,  etc.), primary 
fuel type (e.g., coal, oil, gas), and secondary fuel 
category (e.g., gasoline, distillate fuel, etc.), E U  
estimates total US. energy consumption for a par- 
ticular year.’ A discussion of the data sources and 
comparison of different methodological 

1. Determine fuel consumption by fuel type and sec- 
toz Fuel consumption data were obtained directly 

approaches can be found in BOX 1-1. 

When fuels are burned, the carbon contained within them combines with atmospheric oxygen to form CO,. In 
theory,if the carbon content of the fuel and the combusted quantity i s  known.the resulting volume of CO, can be esti- 
mated with a high degree of certainty. Therefore, energy-related CO, emissions can be estimated with a fairly high 
degree of precision using available energy data. I 

1. Data Availability 

In the U.S..the organization responsible for reponing 
and maintaining annual energy statistics i s  the Energy 
Information Administration (EIA). an agency of the U.S. 
Department of Energy (US. DOE). EIA reports con- 
sumption statistics for the 50 US. states (e.g.. the Stote 
Energy Data Report) and US. territories as well as inter- 
national statistics. EIA is also responsible for reporting 
US. data to the IEA and U.N. 

1. Data format  

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

Data in the IEA format are presented”top down” - 
t h a t  is, energy consumption for fuel types and categories 
are estimated from energy production data (accounting 
for imports, exports. stock changes. and losses). The 
resulting quanrities are referred to as “apparent con- 
sumption.” 

The data collected in the US. by EIA are more of the 
“bottom up” nature. i.e.. they are collected through EIA 
surveys a t  the point of delivery or use and aggregated to 

determine national totals. In other words, the EIA data 
reflect the reported consumption quantities of fuel cat- I egories and &pes 

For reporting to  IEA, EIA converts the data for the 
50 states into IEA fuel categories and units. calculates 
“apparent consumption,” and adjusts for production. 
imports, exports. and stock changes in US. territories 
and islands.The “converted” data are then submitted to 
the IEA. along with the conversion facwrs used and 
other relevant information. 

Both of the above approaches have advantages and 
disadvantages. For example, while the “top down” 
approach more accurately captures fuel flow (and there- 
fore the carbon flow) in most countries, the “bottom 
up” approach allows for more detailed information by 
end-use sectors and fuel cypes. 

3. Estimating Carbon Emissions 

Theoretically, both approaches should yield similar 
carbon emissions results. In reality, most countries’ esti- 
mates will vary depending on the method used to esti- 
mate consumption totals. the definition and 
interpretation of data sources, the carbon coefficients 
used.and the assumptions regarding both the quantity of 
carbon stored in products and combustion efficiency. 
Both approaches are believed to  produce highly accu- 
rate results in the US. For example, carbon emissions 
estimates for 1990 from the”botrom up”appmach toe l  
1.336 MMTCE while the“top down” apprmch results in 
carbon emissions of 1.320 MMTCE. 

~ 

‘ Furl consumption by U.S. rmiroiics (,.e.. Amrrcan Samoa, Guam, Purno Roco. U.S. Virgin Islands, Wake Island. and orhcr U.S. 
Pacific Islandr) i s  included m this rcpon and conrribured about IO MMTCE of emisuons an 1993 and 1994. 

. 
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2. Determine the total carbon content of  fuels con- 
sumed. Total carbon is estimated by multiplying the 
amount of fuel consumed by the amount of carbon 
in each fuel. This total carbon estimate defines the 
maximum amount of carbon that could potentially 
be released to the atmosphere if all of the carbon 
were converted to CO,. The carbon emission coef- 
ficients used by the US. are presented in Table 1-2. 

3 .  Subtract the amount of carbon stored in products. 
Non-fuel 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 
example, asphalt made from petroleum can 
sequester up to 100 percent of the carbon for 
extended periods of time, while other products, 
such as lubricants or plastics, lose or emit some car- 
bon when they are used and/or are burned as waste 
after utilization. The amount of carbon sequestered 
or stored in non-energy uses of fossil fuels was 
based on the best available data on the end uses 
and ultimate fate of the various energy products. 
These non-energy uses occur in the industrial and 
transportation sectors. Carbon sequestered by 
these uses was estimated to be about 66 MMTCE 
in 1990, which rose to 79 MMTCE in 1994. 

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 behind as soot or other byproducts of inef- 
ficient combustion. The estimated amount of car- 
bon not oxidized due to inefficiencies during the 
combustion process range from 1 percent for oil 
and coal to 0.5 percent for natural gas (see Table 1- 
2 for the assumptions used by the U.S.). 

5. Subtract emissions from international bunker 
fuels. According to the IPCC guidelines 
(IPCC/OECD/IEA, 1995) emissions from interna- 
tional transport activities, or bunker fuels, should 
not be included in national totals. Therefore, since 
EIA consumption statistics include these bunker 

\ 

fuels (primarily residual oil) as part of consump 
tion by the transportation sector, emissions from 
this source are calculated separately and sub- 
tracted from the transportation sector. The caku- 
lations for emissions from bunker fuel follow the 
same procedures used for emissions due to con- 
sumption of all fossil fuels (;.e., estimation of con- 
sumption, determination of carbon content, and 
adjustment for the fraction of carbon not oxi- 
dized). Emissions from bunkers resulted in emis- 
sions of over 22 MMTCE in 1990, which rose to 
a peak of 25 MMTCE in 1992 and then declined 
to approximately 23 MMTCE in 1994.’ 

I: 
‘i 

Uncertainty in the Carbon 
Dioxide Emission Estimates 

Uncertainties exist for all of the emission esti- 

mates provided in this report. For estimates of CO, 
from energy consumption, in principle the amount of 
CO, emitted is directly related to the amount of fuel 
consumed, the fraction of the fuel that is oxidized, 
and the carbon content of the fuel. Therefore, a care- 
ful accounting of fossil fuel consumption by fuel type, 
carbon content of fossil fuels consumed, and con- 
sumption of products with long-term carbon storage 
would yield an accurate estimate of CO, emissions. 

There are uncertainties, however, over the levels 
of detail, data sources, carbon content of fuels and 
products, and combustion efficiency. For example, 
given the same primary fuel type (e.g., coal), the 
amount of carbon contained in the fuel per unit of 
useful energy can vary. Non-energy uses of the fuel 
can create situations where the carbon is not emitted 
to the atmosphere (e.g., plastics, asphalt, etc.) or is 
emitted a t  a much delayed rate. The proportions of 
fuels used in these non-fuel production processes and 
their carbon content can also vary. Additionally, inef- 
ficiencies in the combustion process, which can result 
in ash or soot remaining unoxidized for long periods, 
can vary. These factors all contribute to the uncer- 
tainty in the CO, estimates. For the U.S., however, 
these uncertainties are believed to be relatively small.’ 

,... .<. 
,. 

..  

.. 

.- 

“I 

’ 1994 estimates of emissions from bunker fuel consumption by the US. and its territories am prcliminary estimates bawd on 1992 and 
1993 dam. Final estimates will bc available in late 1995 or early 1996, when international data fmm EIA arc published. 

Marland and Pippin, 1990 or Em, 1993a. 
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3 One QBN is one quadrillion BN, or 10” BN. This unit ir commonly referred ro as a “Quad.” 
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Other Greenhouse Gas 
Emissions from Stationary 

Fossil Fuel Combustion 

Stationary combustion encompasses all fuel com- 
bustion activities except transportation (i.e., mobile 
combustion). Other than carbon dioxide (Cod, 
which was addressed in the previous section, gases 
from stationary combustion include the greenhouse 
gases methane (CHJ and nitrous oxide (N20)  and 
the photochemically important gases such as nitrogen 
oxides (NOJ ,  carbon monoxide (CO), and non- 
methane volatile organic compounds (NMVOCs), 
which are all products o f  incomplete combustion. 
The amount of emissions varies depending upon fuel, 
technology type, and pollution control equipment. 
Emissions also vary with the size and vintage of the 
combustion technology as well as maintenance and 
operational practices. 

Stationary combustion is a significant source of 
NO,  and CO emissions. In 1994, emissions o f  NO, 
from stationary combustion represented 50 percent 
o f  national NOx emissions, while CO and NMVOC 
emissions from stationary combustion contributed 5 
and 4 percent, respectively, to the national totals for 
the same year. Emissions o f  these criteria pollutants 
have declined from much higher levels in the past due 
to a combination of technological advances and more 
stringent emissions requirements. From 1990 to 
Table 1-3 

. .  s .  . . .  
Ye&. 8 .NO, ..NMVOCI' co . CH, .: N,O' 

', . (Thousand Metric Tonner) . .  

1994, emissions of  NO, increased by about 2 per- 
cent, while emissions o f  CO and NMVOOO showed 
a SIiglJt decline (see Table 1-3).< 

Stationary combustion is also a small source of 
CH4 and N 2 0 .  CH4 emissions from stationary com- 
bustion in 1994 accounted for about 2 percent of 
total US. CH4 emissions, while N 2 0  emissions from 
stationary combustion accounted for about 8 percent 
of all N 2 0  emissions. 3rom 1990 levels, CH, emis- 
sions rose by almost 8 percent in 1991 and 6 percent 
in 1992, but dropped by more than 14 percent in 
1993 and 2 percent in 1994. Despite slightly more 
than a 1 percent drop in 1991, N 2 0  emissions rose 
fiom the 1990 level of 35.2 thousand tonnes to 36.1 
thousand tonnes in 1994 (an increase of nearly 3 per- 
cent). 

Background and Overall Emissions 
Nitrous oxide and NO, emissions from station- 

ary source combustion are closely related to air-fuel 
mixes and combustion temperatures, as well as pol- 
lution control equipment. Carbon monoxide emis- 
sions from stationary combustion are generally a 
function of the efficiency of combustion and emission 
controls, and are highest when there is less oxygen in 
the air-fuel mixtures than necessary for complete 
combustion. This is likely to occur during combus- 
tion stopping and starting, or switching of fuels (for 
example, the switching of coal grades at  a coal-bum- 
ing utility plant). Methane and NMVOC emissions 
from stationary combustion are believed to be a func- 
tion of the CH, content of the fuel and postcombus- 
tion controls. 

Methane emission estimates from stationary 
sources are highly uncertain, primarily due to major 
uncertainties in emissions from wood combustion 
(e.g., fireplaces and wood stoves). The largest source 
of NzO emissions comes from utility coal combus- 
tion, accounting for almost 38 percent of total NzO 
emissions from stationary combustion over the 
period 1990 to 1994. It is important to note, how- 
ever, that both of these gases are currently not regu- 
lated in the US., and therefore, their emission 

' Tablcs in rhir document arc generally reponed in million metric mnncs or rhourand merric romcr, depending on the relative 
magnitude of rhe emissions king prcsenred. When comparing information across tables, please nore rhe unirs. 
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processes are not as well understood as emission 
processes for some criteria pollutants. The estimates 
of CH, and N,O emissions presented here are based 
on broad indicators of emissions (i.e., aggregate emis- 
sions ratios of CH, emitted to total NMVOCs and 
rate per amount of fuel used, respectively), rather 
than specific emission processes (;.e., by combustion 
technology and type of emission control). 

Greenhouse gas emissions from energy-related 
stationary combustion activities have been grouped 
into four sectors: 

H industrial; 
H commerciallinstitutional; 
H residential; and 
H electric utilities. 
The major source categories included in this sec- 

tion are similar to those used by U.S. EPA (1995b): 
coal, fuel oil, natural gas, wood, other fuels (includ- 
ing bagasse, LPG, coke, coke oven gas, and others), 
and stationary internal combustion (which includes 
emissions from internal combustion engines that are 
not used in transportation). A summary of the emis- 
sions from stationary combustion sources in 1994 is 
provided in Table 1-4. 

The slight decline in CO and NMVOC emissions 
from 1990 to 1994 can largely be attributed to resi- 
dential wood combustion, which is the most signifi- 
cant source of these pollutants in the energy sector 
(74 percent of CO and 77 percent of NMVOCs). As 
fossil fuel prices have decreased in the last several 
years, residential wood consumption for home heat- 
ing has declined (EPA, 1995b). Overall, NO, emis- 
sions from energy have increased largely due to an 
increase in emissions from electric utilities, which 
constitute over 66 percent of stationary NOx emis- 
sions. However, utility emissions have increased more 
slowly than utility fuel consumption, due in large part 
to emission control systems in plants burning fossil 
fuel. 

Like NMVOCs, emissions of CH, decreased 
over the period 1990 to 1994, due largely to the 
decline in residential wood use. Nitrous oxide emir  
sions, on the other hand, increased slightly over this 
period as fossil fuel combustion increased (72,300 
TBtu in 1990 to 76,200 TBtu in 1994). Like NO,, 

the emission increase was due in large part to electric 
utility consumption, which grew at a faster rate than 
overall energy consumption. 

Methodology Used to Estimate Emissions 
Emissions estimates for NO,, CO, and 

NMVOCs in this section were taken directly from the 
U.S. EPA's Draft National Air Pollutnnt Emissions 
Trends: 19061994 (U.S. EPA, 1995b). U.S. EPA 
(1995b) estimates emissions of NO,, NMVOCs, and 
CO by sector and fuel source using a "bottom-up" 
estimating procedure, ;.e., the emissions were calcu- 
lated either for individual sources (e.g., industrial 
boilers) or for many sources combined, using basic 
activity data (such as fuel consumption or deliveries, 
etc.) as indicators of emissions. The national activity 
data used to calculate the individual source categories 
were obtained from many different sources. 
Depending on the source category, these basic aniv- 
ity data may include fuel consumption or deliveries of 
fuel, tons of refuse burned, raw material processed, 
etc. Activity data are used in conjunction with emis- 
sion factors, which relate the quantity of emissions to 
the activity. The basic "bottom-up" calculation pro- 
cedure for most source categories presented in U.S. 
EPA (1995b) is represented by the following equa- 
tion: 

Q r = 4 x E F R S x ( I  -C,/IOO) 
where 

E = emissions 
p = pollutant 
s = source category 

A = activity level 
EF = emissionsfactor 
C = percent conuul efficiency 

Emission factors are generally available from the 
U.S. EPA's Compilation of Air Pollutant Emission 
Factors, AP-42 (U.S. EPA, 199Sa), often referred to 
as AP-42 emission factors. The EPA currently derives 
the overall emission control efficiency of a source cat- 
egory from a variety of sources, including published 
reports, the 1985 NAPAP (National Acid 
Precipitation and Assessment Program) emissions 
inventory, and other EPA data bases. The US. 
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approach for estimating emissions of NO,, CO, and 
NMVOCs from stationary combustion as described 
above is similar to the methodology recommended by 

the PCC (PCU OECDAEA, 1995). 
Methane emissions from stationary combustion 

of coal, fuel oil, and wood were calculated using 
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reported NMVOC emissions for each activity from 
U.S. EPA (1995b), and emission ratios of CH, to 
NMVOCs (U.S. EPA, 1993a) for these activities. The 
emission ratios used are provided in Table 1-5. The 
estimates for emissions from natural gas consumption 
came from US. EPA (1993a). 

The estimates of CH, emissions from stationary 
sources, other than gas-fired sources, are subject to 
considerable uncertainty due to the lack of accurate 
data regarding the technology type and the pollution 
control equipment in each of the other source cate- 
gories (e.g., coal, fuel oil, and especially wood).’ As a 
result, estimates are based on broad estimates of the 
percentage of CH, emissions relative to NMVOC 
emissions - a methodology that results in very impre- 
cise estimates. The estimates for gas-fired stationary 
combustion are more precise due to the greater level 
of disaggregation by sector and technology. 

Nitrous oxide emissions were estimated using 
IPCC-recommended emission factors and US. fossil 
fuel and wood fuel consumption data. Estimates were 
obtained by multiplying the appropriate emission fac- 
tors (by sectors and fuel types) by the appropriate 
U.S. energy data. The emission factors used were: 4.3 
g N,O/GJ of energy input for wood in all sectors; 0.1 
g N,O/GJ for gas use and 0.6 g N,O/GJ for oil use in 
all sectors; and for coal use, 0.8 g N,O/GJ for the util- 
ity sector and 1.4 g N,O/GJ for the industrial, com- 
mercial, and residential sectors.” 
Table 1-5 

Uncertainty in the Emission Estimates 
Estimating emissions other than CO, from sta- 

tionary combustion can be time consuming and com- 
plex. Moreover, the amount of gases emitted from 
these activities are not thought to be major contribu- 
tors to climate change. The uncertainties associated 
with the emission estimates of these gases, especially 
CH, and N,O estimates, are also much higher than 
the uncertainty associated with estimates of CO, 
from fossil fuel combustion. Uncertainties in the CH, 
estimates are due primarily to the fact that they are 
based on simple ratios of CH, to emitted NMVOCs 
and are derived from a limited number of emissions 
tests. Uncertainties in the N,O estimates are due to 
the fact that emissions were estimated based on a lim- 
ited set of emission factors. Fm the other gases, the 
uncertainties are partly due to assumptions concern- 
ing combustion technology types, age of equipment, 
and the emission factors used. 

Other Greenhouse Gas 
Emissions from Mobile Combustion 

Mobile sources emit greenhouse gases other than 
CO,, including methane (CHJ and nitrous oxide 
(N,O), and photochemically important gases, includ- 
ing carbon monoxide (CO), nitrogen oxides (NOJ, 
and non-methane volatile organic compounds 
(NMVOCs). Emissions o f  these trace gases are pro- 
duced by the incomplete combustion o f  the fossil 
fuels used to power vehicles. 

Fossil fueled motor vehicles comprise the single 
iargest source of CO emissions in the United States as 
well AS being a significant contributor o f  NOx and 
NMVOC emissions (see Table 1-6). In 1994, CO 
emissions from mobile sources contributed about 84 
percent of all US. anthropogenic C O  emissions and 
46 and 42 percent o f  NO, and NMVOC emissions; 
respntively Mobile emissions are also a small source 
of CH, and N 2 0  in the US. Road transport accounts 
for the majority of mobile source emissions. 

For the period 1990 to 1994, emissions ofthe cri- 
teria pollutants as a whole declined through 1992, 

- __ .1 
~ . {  

: j  
Methane ernissiom from gar-fired sources were cxrenrively researched and documented in US. EPA (1993a). 

8 GJ = Gigajoulc = one billion iodes. One joule = 0.9478 BN. .. 
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after which there was  an^ increase through 1994. The 
increase was caused by a drop in gasoline prices com- 
bined wiih a strengthening US. economy. These fac- 
tors pushed the vehicle miles traveled (VMT) of road 
sources up, resulting in increased fuel consumption and 
higher pollutant emissions. Some of the increased 
activity was offset by increasing energy efficiency of 
highway vehicles and an increasing portion ofthe vehi- 
cle population meeting established emissions stan- 
dards. 

Methane and NzO emissions have increased 
slightly over the period 1990 to 1994. As with crite- 
ria pollutants, this was driven largely by high eco- 
nomic growth and low oil prices. On-road vehicles 
accounted for nearly all of the increase. 

Background and Overall Emissions 

As in combustion in stationary sources, N,O and 
NO, emissions are closely related to air-fuel mixes 
and combustion temperatures, as well as pollution 
control equipment. Carbon monoxide emissions from 
mobile combustion arc a function of the efficiency of 
combustion and post-combustion emission controls. 
Carbon monoxide emissions are highest 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 
CH, content of motor fuel, the amount of hydrocar- 

Table 1-6 

. . ... . . ~ .  . .. 

bons passing unburnt through the engine, and any 
postsombustion control of hydrocarbon emissions, 
such as catalytic converters. 

Emissions from mobile sources are estimated by 
major transport activity, (i.e., road, air, rail, and ships), 
where several major fuel types, including gasoline, 
diesel fuel, jet fuel, aviation fuel, natural gas, liquefied 
petroleum gas (LPG), and residual fuel oil are consid- 
ered. Road transport accounts for the majority of 
mobile source fuel consumption, and hence, the major- 
ity of mobile source emissions. Table 1-7 summarizes 
the preliminary 1994 emissions from mobile sources 
by transport activity, vehicle type, and fuel type.' 

Since 1990, emissions of.CO and NMVOCs have 
decreased by 1 and 5 percent, while emissions of 
NO, have increased by almost 3 percent. All criteria 
pollutants experienced a slight drop in emissions dur- 
ing 1991 and 1992, after which emissions have 
increased steadily. For NO, this increase surpassed 
1990 levels, due to increased vehicle miles traveled 
(VMT) for gasoline vehicles, as well as increased fuel 
consumption for non-road vehicles for which NO, 
control measures are not yet in effect. 

Methane and N,O emissions increased from 
1990 to 1994, rising from 1.67 and 8.58 MMTCE in 
199Q to 1.79 and 9.29 MMTCE in 1994. The change 
was dominated by gasoline on-road vehicles, where 
CH, and NzO emissions increased by 7 and 8 percent 
respectively, or 0.12 MMTCE for CH, and 0.71 
MMTCE for NzO, respectively. 

Methodology used to Estimate Emissions 

NO, NMVOCs, and CO 
Emissions estimates for NO,, NMVOCs, and 

CO (US. criteria pollutants) in this section were 
taken directly from U.S. EPA (1995b), except for 
emissions from bunker fuels (fuels delivered to 
marine vessels, including warships and fishing ves- 
sels, and aircraft for international transport), which 
were calculated based on U.S. EPA data. The U.S. 
EPA provided emission estimates for eight categories 

' Annex B conrains a drrcriprion of the methodology and dara sources used for rhere errimares. Esrimares of C 0 2  emissions from mobile 
comburrion are provided as pan of rhe rranrponarion secror in rhe semion rirled "Carbon Dioxide Emissions from Fossil Fuel 
Conrumption." These COz errimates are nor provided ai the level of derail indicared in Table 1-7, because fuel conrumprion dara for 
each of rhese caregarier, which would be needed 10 complcre calcularionr, are nor readily available. 
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of highway vehicles,1° aircraft,’’ and seven categories 
of off-highway vehicles.” 

CH, and N,O 
Emission estimates of CH, and N20 from mobile 

sources historically have not been calculated by the 
U.S. Emission estimates for these gases were calculated 
using the IPCC-recommended methodologies and 
emission factors (IPCC/OECD/IEA, 1995). Activity 
data were derived from U.S. EPA (1995b), Brezinski, et 
al. (1992); Carlson (1994); Nizich (1994 and 1995); 
EIA (1994e); DOT (1994) and FAA (1994 and 1995). 

Table 1-7 

Uncertainty in the Emission Estimates 
Estimating emissions from mobile combustion, 

as with stationary combustion, can be time consum- 
ing and complex. Also, the estimates can vary signif- 
icantly due to many factors, including fuel type, 
technology type, extent of emission control equip- 
ment, equipment age, and operating and maintenance 
practices. However, compared to stationary sources, 
more detailed data are available on activity levels and 
emission factors by vehicle type. 

lo Thex caregorier include: gasoline powered automobiles, diesel powered automobiles, light duty gasoline trucks less than 6,000 
pounds in weight, light duty gasoline trucks between 6,000 and 8,500 pounds in wcighr, light duty diesel trucks, heavy duty gasoline 
trucks and buxs, heavy duty diesel trucks and buses, and motorcycles. 
( I  Currently, emissions factors are not available for aircraft flying above 3000 feet. These emissions may be significant and do a f f m  
atmospheric chemistry, but sufficient information to calculate there emissions is unavailable at this time. 
08 Thew categories include: gasoline and diael farm tracton, other gasoline and diesel farm machinery, gasoline and diesel construction 
equipment, snowmobiles, small garolinc utility engines, and heavy duty gasoline and diesel general utility engines, 
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FOSSIL FUEL PRODUCTlON,TRANSPORT, 
STORAGE, AND DISTRIBUTION 

Emissions from Coal Mining 

The most significant emissions from coal mining 
are methane (CHd. Emissions from coal mining are 
currently the third largest source of methane emis- 
sions in the U S ,  behind landfills and domestic live- 
stock, accounting for approximately IS percent of 

national methane emissions. Estimates of  methane 
emissions from coal mining for 1994 were ahout 28.9 
MMTCE. 

The amount of methane released during coal 
mining is primarily a function of coal rank and depth, 
although other factors, such as moisture, also affect 
the amount of methane released. In most under- 
ground coal mines, methane is removed by circulat- 
ing large quantities of  air through the mine and 
venting this air (typically containing a concentration 
of  1 percent methane or less) into the atmosphere. In 
some very gassy underground mines, however, more 
advanced methane recovery systems are used to sup- 
plement the ventilation systems and ensure mine 
safety In surface mines, methane is emitted directly to 
the atmosphere as the strata overlying the coal seam 
are removed. In addition to emissions from under- 
ground and surface mining, a portion of the methane 
emitted from coal mining comes from post-mining 
activities such as coal 
processing, transporta- 
tion, and consumption. 

Background and 
Overall Emissions 

The process of coal 
formation, commonly 
called coalification, inher- 
ently generates methane 
and other by-products. 
The degree of coalifica- 
tion (defined by the rank, 
;.e., quality of the coal) 
determines the quantity 
of methane generated. 

Once generated, the amount of methane stored in 
coal is controlled by the pressure and temperature of 
the coal seam and other, less well-defined characteris- 
tics of the coal. The methane will remain stored in the 
coal until the pressure on the coal is reduced. This can 
occur through erosion of the overlying strata or 
through coal mining. Once the methane has been 
released from the coal seam, it flows through the coal 
toward a pressure sink (such as a coal mine) and 
methane is released into the atmosphere (U.S. EPA, 
1990a). 

Methane emissions from coal mining in 1994 
ranged from 3,300,000 to 5,300,000 metric tonnes of 
methane (22.3 to 35.5 MMTCE), with a central esti- 
mate of approximately 4,300,000 metric tonnes 
(28.9 MMTCE). This is a decline of about 2 percent 
since 1990 (see Table 1-8). 

From 1990 through 1992, methane emissions 
from coal mining decreased by about 1 MMTCE per 
year (from 29.4 MMTCE in 1990 to 28.4 in 1991 to 
27.4 in 1992). The decrease from 1990 to 1991 was 
caused by lower coal production levels in 1991, par- 
ticularly for coal produced from underground mines. 
In 1992, total annual coal production for both under- 
ground and surface mines was very similar to 1991 
production. However, coal production from under- 

ground mines in the 
Central Appalachian 
Basin decreased, while 
production from other, 
less gassy basins 
increased. An additional 
factor contributing to the 
reduced emissions levels 
was that a large methane 
recovery and utilization 
project, involving four 
extremely gassy Virginia 
mines, started during the 
second half of 1992. 

While emissions de- 
clined gradually between 
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Table 1-8 

1990 and 1992, there was a substantial decrease 
between 1992 and 1993 - from 27.4 MMTCE in 
1992 to 24.4 MMTCE in 1993. Two primary factors 
account for this decrease. First, a lengthy strike hy the 
United Mine Workers of America against many large 
underground mines resulted in substantially lower 
coal production levels from underground mines 
(underground production decreased from 406 million 
tons in 1992 to 351 million tons in 1993). Second, 
the new methane recovery and utilization project in 
Virginia, which started producing in the second half 
of 1992, was in full operation throughout 1993. This 
one project alone accounted for emissions reductions 
of 1.2 MMTCE. During the time period between 
1990 through 1993, the total quantity of methane 
liberated” per ton of coal mined remained fairly con- 
stant. 

Methane emissions increased from 24.4 
MMTCE in 1993 to 28.9 MMTCE in 1994. The 
1994 estimate is preliminary 3s coal production data 
by basin and type and methane emissions estimates 
from underground ventilation systems are not yet 
available for that year. The increase in emissions is 
due to the increase in coal production from about 
945 million short tons in 1993 to about 1,031 million 
short tons in 1994. In particular, production from 
gassy underground mines increased in 1994 because 
the strike against many large underground mines in 
the eastern U.S. was over by the start of 1994. 

Methodology Used to Estimate Emissions 
For 1990 and 1993, these estimates were based 

on detailed analysis of coal mine methane emissions 
from surface and underground mines and post-min- 
ing activities. Emissions were estimated for each 
major coal mining source, including both ventilation 
and degasification systems at underground mines, 
surface mines, and post mining operations. Detailed 
emissions data for underground mines were not avail- 
able for 1991 and 1992. For 1991, 1992, and 1994, 
the 1990 emissions were adjusted to account for dif- 
ferences in coal production between 1990 and these 
subsequent years. Coal production levels for all 
basins for surface and underground mines were com- 
pared to coal production levels for 1990. 

Detailed emissions data for 1994 are not yet 
available. Accordingly, for 1994, preliminary emis- 
sions estimates were based on 1990 emissions factors, 
adjusted for the increase in total coal production and 
the increase in the amount of methane recovered and 
used for pipeline sales. 1990 emissions factors, rather 
than 1993 emissions factors, were used to estimate 
1994 emissions due to the impact of the strike on 
1993 emissions estimates. 

For 1990 and 1993, the following data were used 
to estimate emissions from underground mines: 

methane emissions from ventilation systems for all 
underground mines with methane emissions 
greater than 0.1 million cubic feet per day (mea- 
sured by the Mine Safety and Health 
Administration and reported by the U.S. Bureau of 
Mines (Bureau of Mines, 1995); 

estimated ventilation emissions from mines for 
which measurements were nor available; 

rn reported emissions from degasification systems; 

estimated emissions from degasification systems 
from mines for which reported values were not 
available; and 

reponed and estimated methane recovered from 
degasification systems that was sold to pipelines, 
rather than emitted to rhe atmosphere. 

For all years, emissions from surface mines were 

” Toral merhane libcrared i s  rhc total quanriry of mrrhane released from rhe coal scams, which includes borh mrrhanr cmirred and 
methane recovered and used for energy purposes. 

Emissions from Energy m 25 



estimated using reported in-situ methane contents for 
the surface coals mined in each U.S. coal basin and by 
assunling ihat iota1 emissions werc from 1 to 3 timcs 
the in-situ content of the coal. Post-mining emissions 
from both underground mines and surface mines 
were estimated to be between 25 to 40 percent of the 
in-situ methane content of the coal mined in each 
basin. A more detailed discussion of emissions from 
each stage of the coal extraction process can be found 
in U.S. EPA (1993a). 

Further research is being conducted into emis- 
sions from surface mines, post-mining emissions, and 
emissions from abandoned mines. This research will 
potentially make it possible to provide improved esti- 
mates of emissions from these sources in the future. A 
more detailed description of this recent research may 
be found in Piccot, et a / .  (1995). 

Uncertainty in the Emission Estimates 

The 'key uncertainties in these estimates arise 
from emissions for which measurements are not 
available. The most significant source of uncertainty 
stems from emissions from degasification systems at 
underground mines. While the EPA has developed a 
list of mines known or  believed to have degasification 
systems in place, there is still some uncertainty 
regarding which mines have degasification systems,. 
Furthermore, the quantity of methane that is emitted 
from these systems has not been reported and is not 
known for most mines. Accordingly, emissions from 
degasification systems must be estimated. For mines 
with unknown degasification emissions, it was 
assumed that mines generally emit between 35 to 65 
percent of their total emissions from degasification 
systems. To the extent that the degasification strategy 
varies by mine or coal basin, emissions could be over- 
or underestimated. 

Due to a combination of instrument error and 
sampling and aggregation errors, measured estimates 
of emissions from ventilation systems may have an 
uncertainty range of t2O percent. Estimates for sur- 
face mining are less certain as these emissions are not 
measured by the Mine Safety and Health 
Administration. Surface mining emissions are esti- 
mated to range from 1 to 3 (and possibly as much as 

5) times the amount of methane contained in the coal. 
As mentioned previously, recent research by EPA 
should help to clarify these emissions in :he fur;:e. 

Emissions from Natural 
Gas Production, Processing, 
Transport, and Distribution 

The production, processing, transport, and dis- 
tribution of natural gas produces methane emissions. 
These emissions from US. natural gas systems 
account for about 1 I percent of total US. methane 
emissions. Between 1990 and 1994, methane emis- 
sions from natural gas systems have r m i n e d  rela- 
tively constant at approximately 3 million tonnes (20 
MMTCE). Although no emissions trend is discern- 
able using the estimation method applied here, emis- 
sions reductions o f  nearly 0.1 million tonnes have 
been reported under the Natural Gas STAR program 
for 1993 and 1994. Future emissions estimates will 
need to  develop an approach that considers the 
impact ofthis program. 

In addition to not reflecting the impacts of the 
Natural Gas STAR program, the emissions estimates 
remain very uncertain because the basis for estimat- 
ing emissions remains extremely weak. Currently, 
work is ongoing to improve the accuracy of the esti- 
mates, which may change the emissions estimates 
substantially as new information becomes available 
and new methods are developed. 

Background and Overall Emissions 

Emissions from the U.S. natural gas systems are 
generally process related. Normal operations of sys- 
tems, routine maintenance, and system upsets all con- 
tribute to methane emissions. Emissions from normal 
operations include: emissions from the exhaust of 
engines and turbines that use natural gas as fuel, 
bleed and discharge emissions from pneumatic 
devices, and fugitive emissions from system compo- 
nents. Routine maintenance emissions are released 
from pipelines, equipment, and wells during repair 
and maintenance activities. System upset emissions 
originate from pressure surge relief systems and acci- 
dents. These sources of emissions exist throughout 
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the natural gas system, in different quantities and 
degrees in different stages and activities. 

There are a variety of activities that exist and 
take place throughout the U.S. natural gas system. 
This complex system encompasses hundreds of thou- 
sands of wells, hundreds of processing facilities, hun- 
dreds of thousands of miles of transmission pipelines, 
and over a million miles of distribution pipeline. The 
system can be divided into six stages, each with dif- 
ferent factors affecting methane emissions, as follows: 

Field Production. In this initial stage, wells are 
used to withdraw raw gas from underground for- 
mations. Emissions arise from the wells them- 
selves, treatment facilities, gathering pipelines, and 
process units such as dehydrators and separators. 
Fugitive emissions and emissions from pneumatic 
devices account for the majority of total methane 
emissions. Emissions from field production 
accounted for roughly one-third of total emissions 
from natural gas systems (U.S. EPA, 1993a). 

P Processing Plants. At this stage, undesired con- 
stituents in the raw gas are removed before the gas 
is 'injected into the transmission system. Based on 
estimates from model plant analyses, emissions 
from the venting of glycol dehydrators account 
for a large portion of emissions, with compressor 
stardstops and fugitive emissions accounting for 
most of the remaining discharge ( U S .  EPA, 
1993a). Processing plants contribute less than five 
percent of the total emissions from natural gas 
systems. 

rn Storage and InjectionIWithdrawal Facilities. 
Natural gas is injected and stored in underground 
formations during periods of low demand, and 
withdrawn, processed, and distributed during peri- 
ods of high demand. From a 1990 analysis of five 
plants (Tilkicioglu, 1990), the only significant 
source of emissions originated from compressor 
stardstops and routine maintenance. Less than one 
percent of total emissions from natural gas systems 
can be attributed to these facilities. 

rn Transmission Facilities. These are high pressure, 
large diameter lines that transport gas long distances 

from sources of supply to distribution centers or 
large volume customers. In 1993, the transmission 
system consisted of approximately 272,200 miles of 
line. An additional 77,300 miles of field and gather- 
ing line also fall into this segment. Throughout the 
system, compressor stations pressurize the gas. The 
majority of emissions were found to arise from rou- 
tine maintenance, fugitive emissions, and pneumatic 
devices. Methane emissions from the transmission 
sector accounted for approximately one-third of 
total emissions from natural gas systems. 

rn Distrihtion Systems. Distribution pipelines are 
low pressure pipelines used to deliver gas to cus- 
tomers. The distribution network consists of over 
1.3 million miles uf line (AGA, 1991). In U.S. EPA 
(1993a), emissions from distribution were shown 
to arise mostly from fugitive emissions from non- 
plastic pipe and gate stations. The distribution sys- 
tem accounts for roughly 10 percent of total 
emissions from natural gas systems. 

rn Compressor Engines. These engines, which are 
used throughout the entire industry, produce emis- 
sions in their exhaust. Reciprocating engines 
account for the majority of exhaust emissions, 
with turbines contributing a small amount. 
Compressor engines account for less than 15 per- 
cent of total emissions from the gas system. 

Taking into account the high level of uncertainty 
in the calculation of emissions estimates, the small 
fluctuations in the emissions estimates from 1990 to 
1994 are negligible (see Table 1-9). Thus, during the 
period 1990 to 1994, estimates show that methane 
emissions from natural gas systems have remained 
virtually unchanged. 

Methodology Used to Estimate Emissions 
The methodology used to estimate methane emis- 

sions from the narural gas system, as described in the 
EPA report, Anthropogenic Methane Emissions in the 
United States: Estimates for 1990 (U.S. EPA, 1993a), 
is as follows: 

1. One or more model facilities were defined for 
each stage of the natural gas system. These model 
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facilities were selected based on the extent to 

which they were representative of the system. 

Emissions types were identified for each model 
facility based on detailed data describing the 
facility and the processes that lead to emissions. 

Emissions factors for each model facility were 
estimated based on an appropriate measure of 
the facility’s size (e.g., throughput in ft3tyear or 
miles of pipeline). 

Average emissions factors were estimated by 
averaging the emissions factors estimated for 
each of the model facilities in each stage of the 
industry. 

National emissions were estimated by multiply- 
ing the average emissions factors for each stage 
by the total applicable size of the national system, 
such as billion cubic feet of throughput, number 
of wells, or miles of pipeline. 

Total industry emissions were determined by add- 
ing the national segment emissions for each year. 

Estimates of each emissions type within each seg- 
ment of the industry were obtained by multiplying 
emissions factors with their corresponding activity 
levels. To estimate emissions for 1991 to 1993, the 
emissions factors developed for 1990 in the EPA 
report (US. EPA, 1993a) were multiplied with 
updated activity factors for 1991 to 1993. National 
aggregate activity factors were obtained from the 
AGA publication Gas Facts (AGA, 1994), and the 
Natural Gas Annual (EIA, 1994i). Since appropriate 

2. 

3. 

4. 

5. 

6.  

1994 activity factors were unavailable, 1994 emis- 
sions were estimated by increasing 1993 emissions 
data hased on the percent increase in national natural 
gas production (approximately 2.7 percent). 

Uncertainty in the Emissions Estimates 

Due to the complexity and size of the U.S. nat- 
ural gas system, activity levels are uncertain. 
Similarly, extrapolating measurement data from a 
small number of “model” facilities to determine aver- 
age emissions factors for the whole industry also 
becomes a large source of uncertainty. Recognizing 
the weaknesses in the bases for the estimates pre- 
sented above, the U.S. EPA and the Gas Research 
Institute are conducting in-depth data collection and 
analysis to improve the basis for making emissions 
estimates (Kirchgessner, et a/., 1995). The ongoing 
work involves collecting field data to estimate the 
number of components in each stage of the natural 
gas system. These field data will then be extrapolated 
to estimate national activity factors. Additionally, 
detailed field measurements are being conducted to 
improve the emissions factors for each component 
type. The results of the ongoing work are anticipated 
in the coming yea& at which time the emissions esti- 
mates will be updated. 

Emissions from Production, 
Refining,Transportation, and 

Storage of Petroleum 

The major gas emitted from the production and 
refining of petroleum products is methane (CHJ. The 
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activities that produce these emissions are production 
field treatment and separation; routine maintenance 
o f  production field equipment; crude oil storage; 
refinery processes; crude oil tanker loading and 
unloading; and venting and flaring. Together, these 
activities account for approximately one percent of 
total US. methane emissions. From 1990 to 1994, 
these emissions remained relatively constant at 
approximately 0.27 million tonnes per year (1.8 
MMTCE). The emissions estimates remain very 
uncertain as the basis for estimating emissions 
remains weak due to the complexity of sources and 
factors affecting emissions. Work is ongoing to 
improve the accuracy of  the estimates, which may 
change substantially as new information becomes 
available and sounder methods for characterizing the 
system are developed. 

The flaring of gas from oil wells is also a small 
source of carbon dioxide ( C o d ,  while the above 
activities release small amounts of nitrogen oxides 
(NOJ ,  nonmethane uolntile organic compounds 
(NMVOG), and carbon monoxide (CO). Each of 

these sources, howevq is a small portion of overall 
emissions. Emissions of CO,, N O ,  and CO from 
petroleum production activities are all less than one 
percent o f  national totals, while NMVOC emissions 
are roughly three percent o f  national totals. 

Methane: Background and Overall Emissions 
Several activities during the production and refin- 

ing of petroleum products produce methane emis- 
sions. Trlkicioglu and Winters (1989) identified the 
major emissions sources as: 

Production Field Emissions. Fugitive emissions 
from oil wells and related production field treat- 
ment and separation equipment are the primary 
source of field production emissions. From 1990 to 
1994, these emissions accounted for about 60 per- 
cent of total emissions from petroleum production 
and refining (see Table 1-10). Routine maintenance, 
which includes the repair and maintenance of 
valves, piping, and other equipment, accounted for 
less than 1 percent of total emissions from petro- 
leum production and refining. 

= Crude Oil Storage Emissions. Crude oil storage 
tanks emit methane during two general processes. 
When the tank is in use, roof seals and joints 
become a source for ”breathing losses.” When 
tanks are emptied and filled, the methane in the 
space above the liquid in the tank is often released; 
these emissions are referred to as “working 
losses.” Also, piping and other equipment at stor- 
age facilities produce fugitive emissions. Between 
1990 and 1994, crude oil storage emissions 
accounted for about 5 percent of total emissions 

Table 1-10 
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-from petroleum production and refining. 

m Refining: Waste Gas Streams. Waste gas streams 
llU1l. Le,incrics are 2 s a m e  of methane emissions. 
Based on Tilkicioglu and Winters (1989), which 
extrapolated waste gas stream emissions to 
national refinery capacity, emissions estimates from 
this source accounted for approximately 25 percent 
of total methane emissions from the production 
and refining of petroleum. 

Le.- - L 

Transportation: Tanker Operations. The loading 
and unloading of crude oil tankers releases 
methane. From 1990 to 1994, emissions from 
crude oil transportation on tankers accounted for 
roughly 14 percent of total emissions from petro- 
leum production and refining activities. 

Venting and Flaring. Gas produced during oil pro- 
duction that cannot be contained or otherwise han- 
dled is released into the atmosphere or flared. 
Vented gas typically has a high methane content, 
and flaring does not always destroy all the methane 
in the gas. Venting and flaring can potentially 
account for up to 90 percent of emissions from the 
production and refining of petroleum, but there is 
a wide range of potential estimates for this cate- 
gory, which reflects the considerable uncertainty in 
the estimate for this emissions source. 

Methane: Methodology used to 
Estimate Emissions 

The methodology used for estimating emissions 
from each source is described as follows: 

Production Field Emissions. Fugitive emissions 
and routine maintenance emissions during produc- 
tion are driven by the size of the production system, 
i.e., the number of oil wells. Emissions estimates 
are obtained by multiplying emissions factors 
(emissions per well) with their corresponding activ- 
ity level (number of wells). To estimate emissions 
for 1990 to 1993, emissions factors developed for 
1990, in the EPA report (US. EPA, 1993a) were 
multiplied with updated activity levels for 1990 to 
1993. The updated activity levels were obtained 
from the Oil and Gas journal (“Worldwide Look 

. at Reserves and-Production”, 1994). Since no 
updated activity factors were available for 1994, 
1993 values were used as preliminary estimates. 

Crude Oi/ Storage Emissions. There are significant 
uncertainties in estimating crude oil storage tank 
emissions because a good census of tank character- 
istics that influence emissions is not available. 
Tilkicioglu & Winters (1989) estimated crude oil 
storage emissions based on a model tank farm facil- 
ity with fixed and floating roof tanks. Emissions 
factors developed for the modcl facility were 
applied to published crude oil storage data to esti- 
mate total emissions. Crude oil storage data for 
1990 to 1993 were obtained from the Energy 
Information Administration (EIA, 1994k). Since no 
updated activity factors were available for 1994, 
1993 values were used as preliminary estimates. 

Refining: Waste Gas Streams. Tilkicioglu & 
Winters (1989) estimated national methane emis- 
sions from waste gas streams based on measure- 
ments at 10 refineries. These data were 
extrapolated to total US. refinery capacity to esti- 
mate total emissions from waste gas streams for 
1990. To estimate emissions for 1991 to 1994, the 
1990 emissions estimates were scaled using 
updated data on US. refinery capacity. These data 
were obtained from the Energy Information 
Administration (EIA, 1994k). 

Transportation: Tanker Operations. Methane 
emissions from tanker operations are associated 
with: (1) the loading and unloading of domesti- 
cally-produced crude oil transported by tanker; and 
(2) the unloading of foreign-produced crude trans- 
ported by tanker. The quantity of domestic crude 
oil transported by tanker was estimated as Alaskan 
crude oil production less Alaskan refinery crude oil 
utilization, plus 10 percent of non-Alaskan crude 
oil production. Crude oil imports by tanker were 
estimated as total imports less imports from 
Canada. An emissions factor based on the methane 
content of hydrocarbon vapors emitted from crude 
oil was developed (Tilkicioglu & Winters, 1989). 
The emissions factor was multiplied by updated 
activity data to estimate total emissions for 1990 to 
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1994. Data on crude oil stocks, crude oil produc- 
tion, utilization, and imports was obtained from 
the Energy Information Administration (EIA, 
1994k). 

Venting and Flaring. The basis for estimating emis- 
sions from venting and flaring is weak. Also, the 
data for estimating how much gas is vented and 
how much is flared are very poor. Because of this 
considerable uncertainty in estimating venting and 
flaring emissions, the 1990 estimates were used in 
the calculations of total estimates for the years 
1991-1994. The range of emissions estimated in the 
EPA report (US. EPA, 1993a) for 1990 is 92.5 to 
462 million kilograms. 

Methane: Uncertainty in the 
Emissions Estimates 

The first range in Table 1-10 accounts for uncer- 
tainty in the emissions estimates excluding venting 
and flaring. Following the uncertainty range adopted 
in U.S. EPA (1993a), the range consists of one fourth 
to four times the total estimate. The venting and flar- 
ing estimates are those determined by Radian 
(1992b) and Barns and Edmonds (1990). The addi- 
tion of venting and flaring results in a combined 
range of approximately 102 to 620 million kilograms 
of methane per year. 

As the wide range reveals, considerable uncer- 
tainty is present in these emission estimates. Presently, 
sufficient national emissions data do  not exist. 
Consequently, the emissions factors were determined 
based, on measurements a t  several model facilities 
that may not encompass the range and diversity of 
factors that affect emissions. However, ongoing 
efforts to develop more precise assessments may sig- 
nificantly improve the emissions estimates. 

P Carbon Dioxide: Emissions, I 
Methodology, and Uncertainty 

Carbon dioxide emissions from oil and gas pro- 
duction come from the natural gas that is flared at the 
production site, which releases CO, as a by-product 
of the combustion process. Barns and Edmonds 
(1990) note that of total reported U.S. venting and 
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flaring, approximately 20 percent is actually vented, 
with the remaining 80 percent flared. The amount of 
natural gas vented and flared was obtained from the 
Natural Gas Monthly (EIA, 1994;) and used to esti- 
mate the amount of CO, resulting from the flared 
gas. For 1994 these emissions were estimated to be 
approximately 5 million metric tonnes (1.4 
MMTCE), which was down by approximately 23 
percent from 1990 (see Table 1-11). 

The estimates were prepared using a conversion 
factor of 525 grams of carbon per cubic meter of 
flared gas, as determined by Marland and Rotty 
(1984), and an assumed flaring efficiency of 100 per- 
cent. The assumed uncertainty range is t25 percent. 
The 20 percent vented as methane is accounted for in 
the above section on methane emissions from petro- 
leum production, refining, transportation, and stor- 
age activities. 

Nitrogen Oxides, NMVOCs, and CO: 
Emissions, Methodology, and Uncertainty 

Criteria pollutant emissions from oil and gas pro- 
duction, transportation, and storage constitute a rel- 
atively small and stable portion of the overall U.S. 
emissions of these gases for the 1990 to 1994 period 
(see Table 1-12), 

The U S .  EPA (1995b) provided emission esti- 
mates for NO,, NMVOCs, and CO from petroleum 
refining, petroleum product storage and transfes and 
petroleum marketing operations. Included are gaso- 
line, crude oil and distillate fuel oil storage and trans- 
fer operations, gasoline bulk terminal and bulk plants 
operations, and retail gasoline service stations opera- 
tions. Emission estimates were determined using 
industry-published production data and applying 
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. .  
average emission factors. 

Due to the diverse nature of the various types of 
emissions and the fact that some emissions occw peri- 
odically or unexpectedly, precise measurements are 
not practical in many cases. As a result, the uncenain- 
ties associated with the emission estimates in this sec- 

tion vary, ranging anywhere from 25 to 50 percent. 

EMISSIONS FROM BIOMASS AND BIOMASS-BASED FUEL CONSUMPTION 

The combustion ofbiomass fuels (such as wood, 
charcoal, and wood waste) and biomass-based fuels 
(such as ethanol from corn or woody crops) produce 
carbon dioxide. However, the carbon dioxide (Cod 
emitted from biomass consumption in the long run 
does not increase total atmospheric carbon dioxide i f  
this consumption is done on a sustainable basis &e., 
annual emissions of CO, due to consumption of bio- 
mass are completely offset by the annual uptake o f  
CO, from regrowing biomass). As a result, CO, 
emissions from biomass combustion have been esti- 
mated separately from fossil fuel-based emissions and 
are not included in the U.S. totals. Net carbon flux in 
the forest sector resulting from land-use activities and 
forest management practices are accounted for in 
Part W Emissions from Land-Use Change and Forest 
Mamgement. 

Carbon dioxide emissions from stationary bio- 
mass fuel consumption were estimated to be about 49 
MMTCE in 1994. Emissions from this source have 
increased 4 percent since 1990, primarily due to 
increases in biomass fuel consumption in the indus- 
trial sector in response to US. economic growth. 
Carbon dioxide emissions from ethanol fuel con- 
sumption were about 1.9 MMTCE, increasing about 
19 percent from 1990 levels. This increase w n  be 
attributed to rising consumption of ethanol due to 

new legislation establishing incentives for ethanol fuel 
use. 

Emissions from 
Wood Consumption 

Background and Overall Emissions 

In 1994, total CO, emissions due to burning of 
woody biomass within the electric utility, industrial, 
residential and commercial sectors were about 49 
MMTCE (181 million metric tomes CO,) (See Table 
1-13). As the largest consumer of biomass fuels, the 
industrial sector was responsible for about 74 percent 
of the CO, emissions from hiomass-based fuels. The 
residential sector was the second largest emitter of 
CO,, making up about 24 percent of total emissions 
from biomass. The commercial and electric utility 
sectors accounted for the remainder. 

Between 1990 and 1994, total emissions of CO, 
from biomass burning have increased about 4 percent 
despite a 5 percent decrease in biomass fuel use in the 
residential sector during this same time period (See 
Table 1-14). This increase in total emissions is largely 
due to a 7 percent rise in industrial biomass fuel con- 
sumption between 1990 and 1994. Increases in 
industrial biomass use are directly due to growth in 
the US. economy. The 5 percent decline in biomass 
fuel use in the residential sector is attributable ro both 
the rising cost of wood burning stoves and a falling 
number of households relying on wood as a primary 
heating source (Thompson, 1995). Consumption of 
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Table 1-13 

biomass fuels within the commercial and electric util- 
i ty sectors remained relatively stable and thus had lit- 
tle impact on changes in overall CO, emissions from 
biomass combustion. 

Methodology and Uncertainty 
Emissions estimates were calculated based on the 

methodology recommended by the PCC. Emissions 
were estimated by first convemng US. consumption 
data (in trillions of Btu) to tonnes of dry matter using 
EIA assumptions." Once consumption data for each 
sector were converted to ronnes of dry matter, fbe 
carbon content of the dry fuel was estimated based on 
IPCC default values of 45 to 50 percent carbon in dry 
biomass. The amounts of carbon released from com- 

bustion were also estimated using IPCC-provided 
default values of 87 percent combustion efficiency. 
This is probably an underestimate of the efficiency of 
wood combustion processes in the US. The IPCC 
assumption has been used, however, since better data 
are not yet available. 

Emissions from 
Ethanol Consumption 

Backgrourtd and Overall Emissions 

Biomass-based fuel use in the US. consists 
mainly of ethanol use in the transportation sector. 
Ethanol is mostly produced from corn grown in the 

Table I- I 4  

1' Data far 1990-1992 are from the EV\ repon entirled Estimates of US. Biomass E w g y  Consumption 1992, published in May 1994. 
Preliminary dam for 1993-1994 were obtained horn an EIA database. ! 
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Midwest, and used primarily in the Midwest and 
South. Ethanol can be used directly, or mixed with 
gasoline as a supplement or  an octane enhancing 
agent. The most common form is a 90 percent gaso- 
line, 10 percent ethanol blend known as gasohol. 
Ethanol and ethanol blends are used to fuel public 
transport vehicles such as buses, or centrally-fueled 
fleet vehicles. Ethanol and ethanol blends are believed 
to burn “cleaner” than gasoline (lower in NO, and 
other hydrocarbons), and are being tested in urban 
areas with poor air quality. However, because ethanol 
is a hydrocarbon fuel, its combustion releases CO,. 

Emissions of CO, in 1994 due to ethanol fuel 
burning were estimated to be approximately 1.9 
MMTCE (6.8 million metric tonnes of CO,) (See 
Table 1-15). Between 1990 and 1991, emissions of 
CO, due to ethanol fuel consumption fell by about 
21 percent. Since this decline, emissions from ethanol 
have steadily increased through 1994. Between 1991 
and 1992, CO, emissions due to ethanol consump- 
tion increased about 22 percent. Increases in CO, 
emissions continued at an average annual rate of 
about 11 percent between 1992 and 1994. Emissions 
from ethanol consumption are not included in the 

U.S. total since the corn from which the ethanol is 
derived is produced on a sustainable basis. 

Increases in CO, emissions from ethanol con- 
sumption between 1991 and 1994 can be attributed 
to several factors. In 1990, the Budget Reconciliation 
Act extended Federal tax exemptions for ethanol pro- 
duction through the year 2000 and the Clean Air Act 
Amendments mandated the reduction of mobile 
source emissions. In 1992, the Energy Policy Act 
established incentives to encourage an increase in the 
use of alternative fuels and alternative-fueled vehicles. 
Other factors also influencing ethanol consumption 
include prices of corn, gasoline, and other alternative 
fuels (EM, 1994~).  

Methodology 

Emissions from ethanol were estimated based on 
EL4 (1994~). In 1994, the U.S. consumed an esti- 
mated 98 trillion Btus of ethanol (1.3 biliion gallons), 
mostly in the transportation sector. Using an ethanol 
carbon coefficient of 19 milligrams ClBtu (OTA, 
1991), 1994 emissions of CO, from the use of 
ethanol were calculated to be about 6.8 million met- 
ric tonnes (1.85 MMTCE). 



missions are often produced as a by-product of various non-energy related activities. That is, these emis- E sions are produced directly from the process itself and are not a result of energy consumed during the 
process. For example, in the industrial sector raw materials are chemically transformed from one state to 
another. This transformation often results in the release of greenhouse gases such as carbon dioxide (CO,). 
Other emissions result from use of greenhouse gases in manufacturing and subsequent emissions of the excess 
gas. The production processes addressed in this section include cement production, lime production, limestone 
use (e.g., for iron and steel making, flue gas desulfurization, and glass manufacturing), soda ash production and 
use, CO, manufacture, aluminum production, adipic acid production, nitric acid production, and HCFC-22 pro- 
duction. Total CO, emissions from industrial processes were appmximady 58.1 million metric tonnes (15.9 
MMTCE) in 1994. This accounts for 1.1 percent of total U.S. CO, emissions. Nitrous oxide (N20) emissions 
from adipic acid and nitric acid production were about 105.8 thousand metric tonnes (9.2 MMTCE) in 1994, 
or 22.8 percent of total US. N,O emissions. In the same yea4 emissions of hydrofluorocarbons (HFCs) and 
perfluorocarbons (PFCs) combined for about 23.5 MMTCE, and emissions of sulfur hexafluoride (SF,) were 
about 1 thousand metric tonnes (7.0 MMTCE). Table 11-1 contains a summary of non-energy related green- 
house eas emissions from industrial Drocesses in 

number of industrial processes not covered in 
this section. For example, ammonia production 
is believed to be an industrial source of methane 
(CH,) emissions, NzO, and non-methane volatile 
organic compounds (NMVOCs). However, 
emissions for these sources have not been esti- 
mated a t  this time due to a lack of information 
on the emission processes, the manufacturing 
data, or both. As more information becomes 
available, emission estimates will be calculated 
and included in future greenhouse gas emission 
inventories. 

The emission estimates presented here gen- 
erally follow the IPCC-recommended guide- 
lines, although the only processes for which the 
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IF'CC provides a specific methodology for estimating 
emissions are cement, adipic acid, and nitric acid pro- 
duction. The IPCC h3s not provided spccific dctails 
(e.g., default emission factors) to calculate emissions 
from the other sources, but recommends a basic 
approach that can be followed for each source cate- 
gory. This involves multiplying production data for 
each process by an emission factor per unit of pro- 
duction. The methods used to estimate emissions in 
this section generally follow this basic approach. 
Most of the emission factors used below were derived 
using calculations that assume precise, efficient chem- 
ical reactions. As a result, uncertainties in the emis- 
sion coefficients can be attributed to, among other 
things, impurities contained in the raw materials or to 
inefficiencies in the chemical reactions associated 
with each production process. Additional sources of 
uncertainty specific to an individual source category 
are discussed in the appropriate section. 

Table 11-1 

Carbon Dioxide Emissions 

Cement Production 

Carbon dioxide (COJ emitted during the cement 
production process represents the most significant 
non-energy source o f  industrial CO, &rissions. 
Cement is produced in most states and is used in all 
ofthem. Carbon dioxide is created when calcium car- 
bonate (CaCOJ is heated in a cement kiln to form 
lime (calcium oxide or CaO) and CO,. This lime 
combines with other materials to produce clinker (an 
intermediate product), while the CO, is released into 
the atmosphere. Clinker is then used to make port- 
land and masonry cement. The production of 
masonry cement requires additional lime and thus 
results in additional CO, emissions. However, since 
this lime is already accounted for in the lime manu- 
facture section o f  this chapter, the resulting emissions 
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are not counted towords the cement manufacturing 
emissions rods ,  although they are calcu/ared here for 
informational purposes. 

In 1994, US. clinker production totaled 69.79 
million metric tonnes, and US. masonry cement pro- 
duction reached 3.28 million metric tonnes. As a result, 
CO,  emissions from clinker production were esti- 
mated to be 9.65 MMTCE, or 0.7 percent of total US. 
CO, emissions (Table 11-21,' Emissions from masonry 
production were estimated to be 0.02 MMTCE. 

Carbon dioxide is produced during the produc- 
tion of clinker, an intermediate product from which 
finished portland and masonry cement are made. The 
quantity of the COz released during cement produc- 
tion is directly proportional to the lime content of the 
clinker. During cement production, calcium carbon- 
ate (CaCO,) from limestone, chalk, or other calcium- 
rich materials are heated in cement kilns to form lime 
(CaO) and CO,: 

CaC03 -+ G O  + CO, 

This process is known as calcination or calcining. 
The lime is then combined with silica-containing 
materials (provided to the kiln as clays or shales) to 
form dicalcium or tricalcium silicates, two of the four 
major compounds in cement clinker (Griffin, 1987). 

Carbon dioxide emissions were estimated by 
applying an emission factor, in tonnes o f  CO,  
released per tonne of clinker produced, to rhe total 
amount of clinker produced. The emission factor 
used in this analysis is the product of the fraction of 
lime used in the cement clinker and a constant reflect- 
ing the mass of CO, released per unit of lime. The 

Table 11-2 

emission factor was calculated as follows: 

44.01 glmole C02 
EF-,, = fraa'on 6 0  x 

This analysis assumes an average lime fraction 
for clinker of 64.6 percent, which yields an emission 
factor of 0.507 tonnes of CO, per tonne of clinker 
produced. 

Clinker production in the US. (including Puerto 
Rico) was reported as 70 million metric tonnes in 1994 
(Solomon, 1995). Combined with the emissions factor 
derived above, CO, emissions from cement manufac- 
turing in 1994 were estimated to be 35.4 million met- 
ric tonnes (9.65 MMTCE). Carbon dioxide emissions 
horn  U.S. clinker production reached 32.6 million met- 
ric tonnes in 1990,31.9 million metric tonnes in 1991, 
32.1 million metric tonnes in 1992, and 33.9 million 
metric tonnes in 1993 (see Table It-2). 

~ 

b Please note that emissions in Table U-2 are expressed in thousand metric tomes. 
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After falling by 8.3 percent from 1990 levels, 
US. cement production has grown every year since 
1991, growing by 5.0 percent in 1992, 10.6 percent 
in 1993, and 7.3 percent in 1994. Demand outpaced 
production in 1994, causing imports to grow by 67 
percent (totaling 11.8 million metric tonnes), due in 
part to shortages in some parts of the country. 
Despite the magnitude of this growth, impom were 
still shy of their all-time high (13.3 million metric 
tonnes, established in 1987). Consumption also grew 
in 1994, to its highest point of the decade (90.5 mil- 
lion metric tonnes), representing an 11.6 percent 
increase over the previous year. This consumption 
increase is attributed in large part to greater con- 
struction activity resulting from the economic recov- 
ery and the 1991 transportation bill (Bureau of 
Mines, 1995d). 

Masonry cement requires additional lime over 
and above the lime used in clinker production. In par- 
ticular, non-plasticizer additives such as lime, slag, 
and shale are added to the cement, increasing its 
weight by 5 percent. Lime accounts for approxi- 
mately 60 percent of this added weight. Thus, the 
additional lime is equivalent to roughly 2.86 percent 
of the starting amount of the product, since 

(0.6 * O.OWl.05) = 0.0286. 

An emission factor for this added lime can then 
be calculated by multiplying that percentage by the 
molecular weight ratio of CO, to CaO: 

EF,, I 

(x) I + 0.05 )L 0.06 x 0.785 

= 0.0286 I 0.785 

0.0214 

Thus, 0.0224 tonnes of additional CO, are emit- 
ted for every tonne of masonry cement produced. 
Masonry cement production in the U.S. was reported 
to be 3.3 million metric tonnes in 1994 (Bureau of 
Mines, 1995b). Combined with the emissions factor 
derived above, this translates into 73.6 thousand met- 
ric tonnes (0.02 MMTCE) of CO, emitted. U.S. 

masonry production reached 2.9 million metric 
tonnes in 1990, 2.6 million metric tonnes in 1991, 
2.8 million metric rnnnes in 1992, and 3.0 million 
metric tonnes in 1993. 

The CO, emissions from the additional lime 
added during masonry cement production are 
already accounted for in the section on CO, emis- 
sions from lime manufacture. Thus, these emissions 
are estimated in this chapter for informational pur- 
poses only, and are not included in the emission 
totals. 

The uncertainties contained in these estimates are 
primarily due to uncertainties in the lime content of 
clinker and in the amount of lime added to masonry 
cement. For example, the lime content of clinker 
varies from 64 to 66 percent. Also, some amount of 
CO, is reabsorbed when the cement is used for con- 
struction. As cement reacts with water, alkaline sub- 
stances such as calcium hydroxide are formed. 
During the curing process, these compounds may 
react with CO, in the atmosphere to create calcium 
carbonate. This reaction only occurs in roughly the 
outer 0.2 inches of surface area. Since the amount of 
CO, reabsorbed is thought to be minimal, it is not 
included here. 

Lime Manufacture 

Lime, or calcium oxide (CaO), is a manufactured 
product with many chemical, industrial, and environ- 
mental uses. Lime has historically rankedfifth in total 
production of all chemicals in the United States. Its 
major uses are in steel making, construction, pulp 
and paper manufacturing, and water and sewage 
treatment. Lime is manufactured by heating lime- 
stone (mostly calcium carbonate - CaCO,) in a kiln, 
creating calcium oxide (GO) and carbon dioxide 
(Cod. The C O ,  is driven off as a gas and is normally 
emitted to the atmosphere. 

Lime production in the US. was estimated to be 
17.4 million metric tonnes in 1994 (Miller, 1995). 
This resulted in CO, emissions of 3.5 MMTCE, or 
0.25 percent of total US. CO, emissions. 

Lime is an important chemical with a variety of 
industrial, chemical, and environmental applications 
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in the U.S. Lime production involves three main 
processes: stone preparation, calcination, and hydra- 
tion. Carbon dioxide is generated during the calcina- 
tion stage, when limestone (calcium carbonate or a 
combination of calcium and magnesium carbonate) 
or other calcium carbonate materials are roasted at 
high temperatures. This process is usually performed 
in either a rotary or vertical kiln, although there are a 
few other designs. Carbon dioxide is produced as a 
by-product of this process, just as CO, is released 
during clinker production (see previous section on 
cement production). The CO, is driven off as a gas 
and normally exits the system with the stack gas. The 
mass of CO, released per unit of lime produced can 
be calculated based on their molecular weights: 

44.01 g/mole CO, .i 56.08 g/mole CaO = 0.785 

Table 11-3 

Lime production in the U.S. was 17,400 thou- 
sand metric tonnes in 1994 (Miller, 1995). This 
results in potential CO, emissions of 13.66 million 
metric tonnes. Some of the CO, generated during the 
production process, however, is recovered for use in 
sugar refining and precipitated calcium carbonate 
(PCC) production. Combined l i e  production by 
these producers was 1.377 million metric tonnes in 
1994, generating 1.081 million metric tonnes of COP 
Approximately 80 percent of this CO, is recovered 
and not emitted, resulting in net CO, emissions of 
about 12.8 million metric tonnes (3.5 MMTCE) from 
U.S. lime production in 1994. 

Domestic production has increased every year 
since 1991, when it declined by 1.0 percent from 
1990 levels. Production.grew by 3.4 percent in 1992, 
3.5 percent in 1993, and 3.6 percent in 1994 (see 
Table 11-3). This growth is attributed in part to 
growth in demand from environmental applications. 
For example, in 1993, the Environmental Protection 
Agency (EPA) completed regulations of the Clean Air 
Act concerning sulfur dioxide (SO,) emissions caps 
for electric utilities. The initial phase of this legisla- 
tion has already resulted in greater lime demand; for 
example, consumption for flue gas desulfurization 
increased by 16 percent in 1993 (Bureau of Mines, 
1994b). 

The term “lime” is actually a general term that 
includes various chemical and physical forms of this 
commodity. Uncertainties in the emission estimate 
can be attributed to slight differences in the chemical 
composition of these products. For example, 
although much care is taken to avoid contamination 

~~ - 
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during the production process, lime typically contains 
trace amounts of impurities such as iron oxide, alu- 
mina, and silica. DE- tG differences in the limcstonc 
used as a raw material, a rigid specification of lime 
material is impossible. As a result, few plants manu- 
facture lime with exactly the same properties. 

A portion of the CO, emitted during lime pro- 
duction will actually be reabsorbed when the lime is 
consumed. In most processes that use lime (e.g., 
water softening), CO, reacts with the lime to create 
calcium carbonate. This is not necessarily true about 
lime consumption in the steel industry, however, 
which is the largest consumer of lime. A detailed 
accounting of lime use in the U.S. and further 
research into the associated processes are required to 
quantify the amount of CO, that will be reabsorbed. 
As more information becomes available, this emission 
estimate will be adjusted accordingly. 

Limestone Use 
Limestone is a basic raw material used by a wide 

variety of industries, including the construction, agri- 
culture, chemical, and metallurgical industries. For 
example, limestone can be used as a flux or purifier 
in refining metals such as iron. In this case, limestone 
heated in a blast furnace reacts with impurities in the 
iron ore and fuels, generating carbon dioxide (Cod 
as a by-product. Limestone is also used for glass man- 
ufacturing and for sulfur dioxide (SO3 removal from 
stack gases in utility and industrial plants. 
Table 11-4 

In 1994, approximately 3.9 million metric 
tonnes of limestone and 0.7 million metric tonnes of 
dolomite were used as flux stone in the chemical and 
metallurgical industries, in flue gas desulfurization 
systems, and for glass manufacturing. This results in 
total CO, emissions of 1.2 MMTCE, or 0.09 percent 
oftotal US. CO, emissions (see Table 11-4). 

Limestone is widely distributed throughout the 
world in deposits of varying sizes and degrees of 
purity. Deposits of limestone occur in nearly every 
state in the US., usually in tremendous amounts. 
Great quantities of limestone are extracted for com- 
mercial use. For example, limestone can be used as a 
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flux or purifier in metallurgical furnaces, as a sorbent 
in flue gas desulfurization (FGD) systems in utility 
and industrial plants, or as a raw material in glass 
manufacturing. Limestone is heated during these 
processes, generating CO, as a by-product. Carbon 
emissions can be calculated by multiplying the 
amount of limestone consumed by the carbon content 
of the limestone (which is approximately 12 percent 
for calcite, 13 percent for dolomite).’ 

Using U.S. Bureau of Mines reports for 1990-93, 
it was estimated that approximately 3,984 thousand 
metric tonnes of limestone and 694 thousand metric 
tonnes of.dolomite were used as flux stone in the 
chemical and metallurgical industries in 1994 
(Bureau of Mines, 1995c and g)? Additionally, 683 
thousand metric tonnes of limestone were used for 
glass manufacturing (Bureau of Mines, 1995c and g) 
and 4,991 thousand metric tonnes of limestone were 
used in FGD systems (EM, 199411, 1993b, 1992, 
1991). Assuming that all of the carbon is released 
into the atmosphere, these applications result in total 
emissions of 1.2 MMTCE, or 4.6 million metric 
tonnes of CO, (see Table 11-4). 

Uncertainties in this estimate are due to variations 
in the chemical composition of limestone. In addition 
to calcite, limestone may contain smaller amounts of 
magnesia, silica, and sulfur. The exact specifications 
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 U.S. is reported as 
“other unspecified uses.” Furthermore, some of the 
limestone reported as “limestone“ is actually dolomite 
(which has a higher carbon content than limestone). 

Soda Ash Manufacture and Consumption 
Commercial soda ash (sodium carbonate) is 

used in many familiar consumer products such as 
glass, soap and detergents, paper, textiles, and food. 
Internationally, two types of soda ash are produced 
- natural and synthetic; the US. produces only 
natural soda ash. During the production process, 
natural sources of sodium carbonate are heated and 
transformed into a crude soda ash that requires fur- 
ther refining. Carbon dioxide (Cod is generated as 
a by-product of this reaction, and is eventually 
emitted into the atmosphere. In addition, CO, is 
released when soda ash is consumed. 

Only two states produce natural soda ash: 
Wyoming and California. Of these two states, only 
Wyoming has net emissions of COP Because a dif- 
ferent production process is used in California, those 
soda ash producers never actually release the CO, 
into the atmosphere. Instead, the CO, is recovered 
and used in other stages of production. US. CO, 
emissions from soda ash production in 1994 were 

Soda Ash Manufacture _ _  

1 Limestone (CaC03) and dolomite (CaMg(C03)2) arc collfftivcly referred to as limestone by the industry, and inrermcdiatc varieties arc 
seldom distinguished. 

Of the 723.5 million metric tomes of limcstonc consumed in the US. in 1993,213.1 million metric tonnes, or 29.5 pemnr, were 
reponed as “unspecified uses,” and only 2.6 million metric tonna werc reported as ‘flux stone.” The Bureau of Mines recommends that 
when analyzing the indusny, however, the quantity reported as unspecified should bc distributed among the various reponed uses. For 
example, limestone used as flux stone accounrs for 0.5 percent of specified limestone u s .  Assuming the same percentage of the 
unr-ified limestone was actually used as flux stone, total limestone used would bc (0.005 x 213.1) + 2.6 = 3.666 million metric tonmi. 
A similar calculation was applied for dolomite and glass manufacturing. 1994 consumption for SO2 removal was calculated as the average 
of the 1992 and 1993 ratios of conrumpdon for SO2 removal to consumption for the other t h e  end-uses (flux stone, dolomite, and glass 
manufacturing), multiplicd by the 1994 total consumption far the flux stone, dolomite, and glass manufacturing end-uses. 
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approximately 0.39 MMTCE in 1994. 
Soda ash consumption in the US. generated 

about 0.7i iviiviTCE of C O ,  in 1994. Annual soda 
ash consumption in the U.S. decreased slightly in 
1991 and 1992, and recovered in 1993 before 
decreasing once again in 1994. Combined with pro- 
duction, which accounted for 0.39 MMTCE, total 
emissions from this source were about 1 .1  MMTCE 
in 1994, or about 0.08 percent of total US. CO, 
emissions. 

Soda ash (sodium carbonate, Na,CO-,) is a white 
crystalline solid that is readily soluble in water and is 
strongly alkaline. Commercial soda ash is used as a 
raw material in a variety of industrial processes. It is 
used primarily as an alkali, either in glass manufac- 
turing or simply as a material that reacts with and 
neutralizes acids or acidic substances. About 75 per- 
cent of world production is synthetic ash made from 
sodium chloride; the remaining 25 percent is pro- 
duced from natural sodium carbonate-bearing 
deposits. The US. produces only natural soda ash. 

During the production process, trona (the princi- 
pal ore from which natural soda ash is made) is cal- 
cined in a rotary kiln and chemically transformed 
into a crude soda ash that requires further processing. 
Carbon dioxide and water are generated as a by- 
product of the calcination process. CO, emissions 
from the calcination of trona can be estimated based 
on the following chemical reaction: 

2(Na3H(COI),.2H20) + 3Na,C03 + 5H20 + CO, 
[-I [ d a  uh]  

Based on this formula, it takes approximately 10.27 
metric tonnes of trona to generate 1 metric tonne of 
C o p  Thus, the 14.6 million metric tonnes of trona 
mined in 1994 for soda ash production (Bureau of 
Mines, 1995f) resulted in CO, emissions of approxi- 
mately 1.4 million metric tonnes (0.39 MMTCE). 

Changes in production from 1990 to 1994 may 
be attributed in large part to European antidumping 
actions against the U.S. industry. In late 1990, an 
antidumping duty of 67.5 European Currency Units 
(ECUs) was rescinded on US. imports, but another 
investigation opened in mid-1993. Thus, the US. 

share of the European market jumped from 1 percent 
in 1990 to 11.3 percent in 1992, but then fell by 
about 35 percent in 1993 and again by 33 pcrccnt in 
1994 (Bureau of Mines, 1993b, 1994c, & 1995h). 
Nevertheless, total U.S. soda ash exports hit an all- 
time high of 3.23 million metric tonnes in 1994 due 
to other favorable global economic trends, such as 
the global price increase for caustic soda, a substitute 
product (Bureau of Mines, 1995h). 

An alternative method of natural soda ash pro- 
duction uses sodium carbonate-bearing brines. To 
extract the sodium carhonate, the complex brines are 
first treated with CO, in carbonation towers to con- 
vert the sodium carbonate into sodium bicarbonate, 
which will precipitate under these conditions. The 
precipitated sodium bicarbonate is then calcined back 
into sodium carbonate. Although CO, is generated as 
a by-product, the CO, is recovered and recycled for 
use in the carbonation stage and is never actually 
released. 

Glass manufacture represented about 50 percent 
of domestic soda ash consumption, with smaller 
amounts used for chemical manufacture, soap and 
detergents, flue gas desulfurization, and other miscel- 
laneous uses. In each of these applications, a mole of 
carbon is released for every mole of soda ash used. 
Thus, approximately 0.113 tonnes of carbon (or 
0.415 tonnes of CO,) is released for every tonne of 
soda ash consumed. 

In 1994, U.S. consumption of soda ash was 
reported as 6.26 million metric tonnes (Bureau of 
Mines, 1995h). This generated about 2.6 million met- 
ric tonnes (0.71 MMTCE) of CO, for the year. 
Between the years 1990 and 1994, emissions from 
consumption were essentially static. However, the flat 
glass and fiberglass sectors had significant growth in 
the second half of 1994, primarily due to growth in 
the automotive and construction industries (Bureau 
of Mines, 1995h). 

Carbon Dioxide Manufacture 

Carbon dioxide (Cod is used in many segments 
of the economy, including food processing, beverage 
manufacturing, chemical processing, cmde oil prod- 
ucts, and a host of industrial and miscellaneous 
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applications. For the most part, CO, used in these 
applications will eventually be released into the 
atinospltere. 

Corbon dioxide emissions from this source were 
about 1.3 million metric tonnes in 1994. This tram- 
lates to approximately 0.4 MMTCE, or 0.03 percent 
of  total CO, emissions. Carbon dioxide demand in 
the merchant market is expected to expand 4.2 per- 
cent annually through 1998 (Freedonia Group, 1994). 

Carbon dioxide is used for a variety of applica- 
tions, including food processing, chemical production, 
carbonated beverages, and enhanced oil recovery 
(EOR). Carbon dioxide used for EOR is injected into 
the ground to increase reservoir pressure, and is there- 
fore considered sequestered.' For the most part, how- 
ever, CO, used in these applications will eventually 
enter the atmosphere. 

With the exception of a few natural wells, CO, 
used in these applications is a by-product from the 
production of other chemicals (e.g., ammonia), or 
obtained by separation from crude oil or natural gas. 
Depending on the raw materials that are used, the by- 
product CO, generated during these production 
processes may already be accounted for in the CO, 

emission estimates from fossil fuel consumption 
(either during combustion or from non-fuel use). For 
example, ammonia is manufactured using natural gas 
and naphtha as feedstocks. Carbon dioxide emissions 
from this process are included in the portion of car- 
bon for non-fuel use that is not sequestered (see Part 
I), rather than in this section. 

Carbon dioxide emissions were calculated by 
estimating the fraction of manufactured CO, that is 
not accounted for in these other emission sources. 
Carbon dioxide consumption for uses other than 
EOR was about 4.6 million metric tonnes in 1994 
(Freedonia Group, 1994). Carbon dioxide wells, nat- 
ural gas wells, and fermentation account for approx- 
imately 30 percent of total production capacity in the 
U S .  Assuming that the remaining 70 percent is 
accounted for in the CO, emission estimates from 
other categories (the most important being fossil fuel 
consumption), CO, emissions from industrial sources 
were approximately 1.35 million metric tonnes in 
1994, or 0.37 MMTCE. This is 12 percent higher 
than CO, emissions in 1990, which totaled 1.20 mil- 
lion metric tonnes (0.33 MMTCE). 

Aluminum Production 

The production of aluminum results in emissions 
of several greenhouse gases, including carbon dioxide 
( C o d  and two perfluorocarbons (PFCs), CF,, and 
C,F,. Carbon dioxide is emitted as carbon contained 
in the anode and cathode of the electrolytic produc- 
tion cell is oxidized during the reduction of alumina 
to aluminum. Emissions of CO, from aluminum pro- 
duction in the U S .  were about 6.1 million metric 
tonnes (1.7 MMTCE) in 1994. However, the CO, 
emissions from this source are already accounted for 
in the non-fuel use portion of CO, emissions from 
fossil fuel consumption. Thus, to avoid double-count- 
ing, CO, emissions from aluminum production are 
not included in the industrial processes emission 
totals, although they are described here for informa- 
tional purposes. 

It is unclear to what extent the CO, used for EOR will be re-released. For example, the CO, used for EOR is likely to show up at the 
wellhead after a few years of injeciion (Hangebrauk, et 01.. 1992). This CO,, however, is typically recovered and reinjected into the well. 
Morc research is required to determine the amount of CO, that in fact escapes. For the purposes of this analysis, it is assumed that all of 
the CO, remains sequestered. 
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The aluminum production Industry is also 
thought to be the largest source o f  CF, and C,F, 
emissions. Emissions o f  these two PFCs occur during 
the reduction of alumina in the primary smelting 
process. As with emissions o f  CO,, the carbon is pre- 
sent in the anode and cathode material; the fluorine is 
present in the molten cryolite in which the reduction 
of aluminu occurs. Total U.S. emissions of PFCs in 
1994 were 3.4 MMTCE /or CF, and 0.7 MMTCE 
for C,F,. A detailed description o f  these emissions 
may be found in the “Other Emissions” section of 
this chapter. 

Carbon dioxide is emitted during the aluminum 
production process when alumina (aluminum oxide) 
is reduced to aluminum. The reduction of the alu- 
mina occurs through electrolysis in a molten bath of 
natural or synthetic cryolite. The reduction cells con- 
tain a carbon lining 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. During reduction, some of this carbon 
is oxidized and released to the atmosphere as COP 

US. primary aluminum production fell to a 
seven-year low in 1994, continuing a decline since 
1991. Production had increased by 2 percent in 1991 
to 4,121 thousand metric tonnes, but then began to 
drop: by 2 percent in 1992,9 percent in 1993, and 11 
percent in 1994 (Bureau of Mines, 1995e). These 
declines were due in part to a continued increase in 
imports for consumption, primarily from the newly 
independent states and the former Soviet Union. For 
example, in 1994 these countries exported 60 percent 
more ingot (metal cast for easy transformation) to the 
U.S. than in 1993, pushing the total for aluminum 
imports to a record high of just under 3.4 million 
metric tonnes. However, the Bureau of Mines reports 
that due to the temporary nature of this supply sur- 
plus, a more normal global supply and demand equi- 
librium should return beginning in 1995. Indeed, 
through the first quarter of 1995, data already 
pointed to lower demand, more stable prices, and 
dramatically diminished world inventories (Bureau of 
Mines, 1995e). 

Approximately 1.5 to 2.2 tonnes of CO, are 

emitted for each tonne of aluminum produced 
(Abrahamson, 1992). As a result, 1994 U.S. produc- 
tion yielded CO, emissions of app:oximately 6.1 mil- 
lion metric tonnes (1.7 MMTCE). The CO, 
emissions from this source are already accounted for 
in the non-fuel use portion of CO, emissions from 
fossil fuel consumption, which was estimated in Part 
I of the Inventory (i.e., the carbon contained in the 
anode is considered a non-fuel use of petroleum 
coke). Thus, to avoid double-counting, CO, emis- 
sions from aluminum production are not included in 
the industrial processes emission totals. Aluminum 
production is also thought to be the largest source of 
two PFCs, CF, and C,Fe Emissions of these two 
potent greenhouse gases occur during the reduction 
of alumina in the primary smelting process. Emission 
estimates and a description of the estimation method- 
ology are provided in the HFCs and PFCs section of 
this chapter. 

Nitrous Oxide Emissions 

Adipic Acid Production 

Adipic acid production has been identified as a 
significant anthropogenic source of atmospheric 
nitrous oxide (N,O). Adipic acid is a major compo- 
nent used in nylon production, as well as production 
o f  some low-temperature lubricants. It is also used to 
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provide foods with a “tangy” #laavo. Estimates of 

1994 U.S. adipic acid production were 815 thousand 
metric tonnes (C @. EN, 1995). Nitrous oxide emis- 
sions from this source were 5.4 MMTCE for 1994, or 
13.3 percent o f  total U.S. N 2 0  emissions. 

Adipic acid is a white crystalline solid used in the 
manufacture of synthetic fibers, coatings, plastics, 
urethane foams, elastomers, and synthetic lubricants. 
Commercially, it  is the most important of the 
aliphatic dicarboxylic acids, which are used to manu-. 
facture polyesters. Ninety percent of all adipic acid 
produced in the United States is used in the produc- 
tion of nylon 6,6. 

Adipic acid is produced through a two-stage 
process during which NzO is generated in the second 
phase. The second stage involves the oxidation of 
ketone-alcohol with nitric acid. Nitrous oxide is gen- 
erated as a by-product of this reaction and enters the 
waste gas stream. In the US., this waste gas is treated 
to remove NO, and other regulated pollutants (and, 
in some cases, NzO as well) and is then released into 
the atmosphere. There are currently four plants in the 
U.S. that produce adipic acid. Since 1990, two of 
these plants have employed emission control mea- 
sures destroying about 98 percent of the N20 before 
its release into the atmosphere (Radian, 1992a). By 
1996, all adipic acid production plants will have N20 
emission controls in place as a result of a voluntary 
agreement among producers. 

Since emissions of N,O in the US. are not regu- 
lated, very little emissions data exist. However, based 
on the overall reaction stoichiometry for adipic acid, 
it is estimated that approximately 0.3 kg of N,O is 
generated for every kilogram of adipic acid produced 
(Radian, 1992a). Estimates of 1994 U.S. adipic acid 
production were 815 thousand metric tomes (C & 
EN, 1995). When combined with existing levels of 
control, this yields N 2 0  emissions from this source of 
5.4 MMTCE for 1994. 

Adipic acid production reached its highest level in 
ten years in 1994, growing 6.5 percent from the pre- 
vious year. Production reached 735 thousand memc 
tonnes in 1990, grew to 771 thousand metric tonnes 
in 1991, dropped to 708 thousand metric tomes in 

1992, and rebounded to 765 thousand metric tonnes 
in 1993 (C&EN, 1992,1993,1994,1995). However, 
emissions should follow a significantly lower path by 
1996, due to the imminent increase in pollution con- 
trol measures mentioned above. 

Because NzO emissions are controlled in some 
adipic acid production facilities, the amount of NzO 
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 confi- 
dential. As a result, plant-specific production figures 
were estimated by disaggregating total adipic acid 
production using existing plant capacities. This cre- 
ated a significant degree of uncertainty in the adipic 
acid production data used to derive the emission esti-. 
mates, The most accurate NzO emissions estimates 
would be derived from actual production figures, if 
these data were reported by each plant. 

Nitric Acid Production 

The production of nitric acid (”0,) produces 
nitrous oxide (N20) as a by-product via the oxida- 
tion of ammonia. Nihi’c acid is a raw material used 
primarily to  make synthetic commercial fertilizer. It is 
also a major component in the production of adipic 
acid (a feedstock for nylon) and explosives. In 1994 
this inorganic chemical ranked 13th in total produc- 
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tion of all chemicals in the United States. 
Nitric acid plants are in operation in all regions 

ofthe U.S., with a tntc! annual operating capacity of 
9.7 million metric tonnes in 1994 (SRI, 1994). Nitric 
acid production reached about 8.0 million metric 
tonnes in 1994. Based on an average emissions factor 
of 5.5 kg N 2 0  per metric tonne of nitric acid, N 2 0  
emissions from this source were about 3.8 MMTCE, 
accounting for about 9.5 percent of total U.S. N 2 0  
emissions. 

Nitric acid is an inorganic compound used pri- 
marily as a feedstcck for nitrate fertilizer production. 
It is also a raw material used in the production of 
adipic acid and explosives. Relatively small quantities 
of nitric acid are employed for stainless steel pickling, 
metal etching, rocket propellants, and nuclear-fuel 
processing. Virtually all of the nitric acid produced in 
the U.S. is manufactured by the catalytic oxidation of 
ammonia ( U S .  EPA, 199Sa). During this reaction, 
N,O is formed as a by-product and is released from 
reactor vents into the atmosphere. While the waste 
gas stream may be cleaned of other pollutants such as 
nitrogen dioxide, there are currently no control mea- 
sures aimed at eliminating N,O. 

Nitric acid production in the US. was approxi- 
mately 8.0 million metric tonnes in 1994 (C & EN, 
1995). Off-gas measurements at one nitric acid pro- 
duction facility have shown N,O emission ratesto be 
approximately 2-9 g N20 per kg of nitric acid pro- 
duced (Reimer, et al., 1992). Using the midpoint of 
this emission factor range, 1994 N,O emissions from 
nitric acid production were about 44.0 thousand met- 
ric tonnes (3.8 MMTCE). This represents a slight 
increase over the prior years of the decade, as pro- 
duction resulted in 39.9 thousand metric tonnes in 
1990, 39.5 thousand metric tonnes in 1991, 40.1 
thousand metric tonnes in 1992, and 41.2 thousand 
metric tonnes in 1993. 

These emission estimates are highly uncertain 
because of insufficient information on manufacturing 
processes and emission controls. Although no abate- 
ment techniques are specifically directed at removing 
N,O, existing control measures for other pollutants 
will have some effect on  the N,O contained in the gas 

stream. While the emission coefficients used here do 
account for these other abatement systems, there may 
be some variation betwccn different productioti facil- 
ities depending on the existing level of pollution con- 
trol at a given plant. 

Other Emissions 

Emissions of Halogenated Compounds 
. Hydrofluorocarbons (HFCs) and perfluorocar- 

bons (PFCSJ are used primarily as alternatives to the 
ozone depleting substances (ODSs) being phased out 
under the Montreal Protocol and Clean Air Act 
Amendments of 1990. ODSs, which include chloro- 
fluorocarbons (CFG) and hydrochlorofluorocarbons 
(HCFCs,) are used in a variety of industrial applica- 
tions, including refrigmation, solvent cleaning, foam 
production, sterilization, and fire extinguishing. 
Although the ODs replacements (;.e., HFCs and 
P F G )  are not harmful to the stratospheric ozone 
layer, they are powerful greenhouse gases. For exam- 
ple, HFG134a is 1,300 times more heat absorbent 
than an equivalent amount of CO, by weight in the 
atmosphere. 

In 1994, HFCs and PFCs were not used as 
widely as more common commercial chemicals. 
However, these gases were emitted from other indus- 
trial production processes. For example, HFC-23 was 
emitted as a by-product of HCFC-22 production, and 
CF, and CzF6 (two P F G )  were released during alu- 
minum smelting. Emissions of these gases totaled 
approximately 23.5 MMTCE in 1994. The manufac- 
ture and emissions of HFCs and PFCs are expected to 
rise as their use as ODs replacements increases. 

Sulfur hexafluoride (SFJ is a gas used in the elec- 
trical and metals industries. In particular, it is pri- 
marily used as insulation in high voltage electrical 
equipment, as well as in aluminum 'degassing 
processes and as a protective atmosphere for casting 
of magnesium alloys. Emissions from the use of this 
gas have increased by about 2 percent annually for 
the period 1990 to 1994, when they totaled 1,030 
metric tonnes (7.0 MMTCE). 
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Hydrofluorocarbons (HFCs) and perfluorocar- 
bons (PFCs) were introduced as alternatives to the 
ozone depleting substances (ODSs) being phased out 
under the Montreal Protocol and Clean Air Act 
Amendments of 1990 (see discussion on ODSs 
below). ODSs, which include chlorofluorocarbons 
(CFCs), hydrochlorofluorocarbons (HCFCs), and 
related compounds, are used in several major end use 
sectors, including refrigeration, air conditioning, sol- 
vent cleaning, foam production, sterilization, fire 
extinguishing, paints, coatings, and other chemical 
intermediates, and miscellaneous uses (e.g., aerosols, 
propellants, and other products). Because HFCs and 
PFCs are not harmful to the stratospheric ozone layer, 
they are not controlled by the Montreal Protocol. 
However, HFCs and PFCs are powerful greenhouse 
gases, and therefore are covered under the 
Framework Convention on Climate Change (FCCC). 
For example, HFC-134a has an estimated direct 
GWP of 1,300, which makes HFC-134a 1,300 times 
more heat absorbent than an equivalent amount by 
weight of carbon dioxide (CO,) in the atmosphere. 
As a result, emission estimates for these gases have 
been included in the U.S. inventory and are provided 
in Table II-5. Emissions for the entire period 1990 to 
1994 may be found in Annex C. 

Because the use of CFC and HCFC substitutes 

was minimal in 1994, emissions of HFCs and PFCs 
were largely the result of by-product emissions from 
other production processes, and not the result of their 
use as CFC alternatives. For example, HFC-23 is a 
by-product emitted during HCFC-22 production, 
and PFCs (CF, and C,F,) are emitted during alu- 
minum smelting. Emissions of HFCs and PFCs 
should continue to rise, however, as their use as ODS 
replacements increases. 

Hydrofluorocorbons (HFCs). Emission estimates were 
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developed using the Vintaging Framework Model 
developed by EPA that estimates ODS emissions 
based on: 

a vintaging framework that generates results using 
information on the stock of equipment in each end 
use, chemical use per piece of equipment, equip- 
ment lifetimes, and emission rates from each piece 
of equipment, and 

substitution scenarios that describe when chemi- 
cals will replace ODSs as they are phased out 
under the Copenhagen Amendments to the 
Montreal Protocol. The scenarios are based on 
estimated market penetration and the number of 
years it may take to fully implement a substitute. 

Because HFCs were not used widely as commer- 
cial chemicals in 1994, emissions of these compounds 
were relatively small, but are growing. Emissions of 
HFC-134a were close to zero in 1990 but grew to 
approximately 10,410 metric tonnes (3.7 MMTCE) in 
1994. This was due to the introduction of HFC-134a 
as a substitute for CFC-12 and other refrigerants being 
phased out under the Montreal Protocol. Emissions of 
HFC-152a (a component of the refrigerant blend R- 
500) were estimated to be approximately 1,530 metric 
tonnes (0.06 MMTCE). Hydrofluorocarbons continue 
to be evaluated and introduced to the market as refrig- 
erants, solvents, fire extinguishing agents, sterilizers, 
and foam blowing agents. 

HFC-23 is currently emitted as a by-product of 
HCFC-22 production. Even after HCFC-22 is phased 
out under the Montreal Protocol, production of 
HCFC-22 as a polymer precursor will continue. By- 
product emissions of HFC-23 are assumed to be 3 
percent of HCFC-22 production. HCFC-22 produc- 
tion was about 139 thousand metric tonnes in 1994, 
resulting in 4.2 thousand metric tonnes of HFC-23 
(13.8 MMTCE). This represents a 5.5 percent 
increase over 1993 emissions, itself the low-point of 
the five-year period. Emissions grew by 2.8 percent in 
1991 and 4.8 percent in 1992 before dropping by 
about 12 percent in 1993. HFC-125 and HFC-227 
each came into production during 1994. 

Perfluorocarbons (PFCs). The aluminum production 

industry is thought to be the largest source of emis- 
sions of two PFCs - CF, and CzF6. Emissions of 
these two porent greenhouse gases occur during the 
reduction of alumina in the primary smelting process. 
Aluminum is produced by the electrolytic reduction 
of alumina (AZO,) in the Hall-Heroult reduction 
process, whereby alumina is dissolved in molten cry- 
olite (Na,AIF,), which acts as the electrolyte and is 
the reaction medium. PFCs are formed during dis- 
ruptions of the production process known as anode 
effects, which are characterized by a sharp rise in 
voltage across the production vessel. The PFCs can be 
produced through two mechanisms: direct reaction of 
fluorine with the carbon anode; and electrochemical 
formation. In both cases the fluorine originates from 
dissociation of the molten cryolite. 

Because CF, and C2F6 are inert, and therefore 
pose n o  health or local environmental problems, 
there has been little study of the processes by which 
emissions occur and the important factors controlling 
the magnitude of emissions. In general, however, the 
magnitude of emissions for a given level of produc- 
tion depends on the frequency and duration of the 
anode effects during that production period. The 
more frequent and long-lasting the anode effects, the 
greater the emissions. 

The methodology used to estimate emissions of 
PFCs from aluminum production first calculates a per 
unit production emissions factor as a function of sev- 
eral important operating variables, including average 
anode effect frequency and duration. Total annual 
emissions are then calculated based on reported 
annual production levels. The five components of the 
per unit production emissions factor are: 

the amount of CF, and C2F6 emitted during every 
minute of an anode effect, per U m p  of current; 

the average duration of anode effects, expressed in 
anode effect minutes per effect; 

the average frequency of anode effects, expressed 
in anode effects per day; 

the current efficiency for aluminum smelting (no 
units); and, 

the current required to produce a metric tonne of 
aluminum, assuming 100 percent efficiency. 
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Using currently available data for the U.S., this 
methodology yields a range in the emissions factor of 
0.3 to 0.9 kg CF, per metric tonne of aluminum pro- 
duced (Jacobs, 1994). The emissions factor for CzF6 
is estimated to be an order of magnitude lower, and 
therefore ranges from 0.03 to 0.09 kg CzF6 per met- 
ric tonne of aluminum produced. Based on 1994 alu- 
minum production of 3.299 million metric tonnes, 
total U.S. emissions of PFCs in 1994 averaged about 
2 thousand metric tonnes of CF, (3.4 MMTCE) and 
200 metric tonnes of CzF6 (0.7 MMTCE). U.S. alu- 
minum production increased by 2 percent in 1991, 
but then began to drop: by 2 percent in 1992, 9 per- 
cent in 1993, and 11 percent in 1994 (Bureau of 
Mines, 1995e). 

Because there has been relatively little study of 
emissions from this source, considerable uncertainty 
remains in several of the values used in the estimates 
presented here. In particular, the value for emissions 
per anode effect minute per kAmp is based on a sin- 
gle measurement study that may not be representative 
of the industry as a whole (US.  EPA, 1993b). For 
example, this emissions factor may vary by smelter 
technology type, among other factors. The average 
duration of anode effects, according to preliminary 
results of ongoing research, may in fact be consider- 
ably shorter than the current values used. The aver- 
age frequency of anode effects and the current 
efficiency are well documented, although they may 
change over time as operating efficiencies improve. 
Because recent studies indicate that the values for the 
important variables used in developing the emission 
coefficient may actually be lower than previously 
thought, the estimates presented here are likely to be 
conservatively high. Annex C contains a more 
detailed description of the calculations regarding 
these gases and their emissions. 

SF6. Sulfur hexafluoride (SF,) is a gas used in the 
electrical and metals industries. In particular, it is 
used as insulation in high voltage electrical equip 
ment, as well as in aluminum degassing processes and 
as a protective atmosphere for the casting of magne- 
sium alloys. Sulfur hexafluoride production in the 
United States was estimated to be approximately 6.0 

million pounds, or 2.7 thousand metric tonnes annu- 
ally for the period 1990 to 1994. This translates to 
emissions of about 1,000 metric tonnes of sF6 per 
year. About 80 percent of SF, use is attributed to the 
electrical industry. When SF, is sealed in such equip- 
ment, it leaks at  about 1 percent per year, so there is 
a significant difference between production and emis- 
sions. For SF, used in the metals industry, most or all 
of the chemical is emitted during use. Emissions from 
production and leakage combined for an annual 
increase of about 2 percent from 1990 to 1994, 
reaching 1,030 metric tonnes in 1994 (7.0 MMTCE). 
Annex C contains a more detailed description of the 
calculations regarding this gas and its emissions. 

Emissions of CFCs ond Related Compounds. 
Chlorofluorocarbons (CFCs) and other halocarbons, 
which were emitted into the atmosphere for the first 
time this century, are a family of man-made com- 
pounds used in a variety of industrial applications, 
including foam blowing, refrigeration, and solvent 
cleaning. These compounds, which contain chlorine 
and bromine, have been shown to deplete stratos- 
pheric ozone, and thus are typically referred to as 
ozone-depleting substances, or ODSs. In addition, 
they are important greenhouse gases because they 
block infrared radiation that would otherwise escape 
into space (EIA, 1993a). Unlike other greenhouse 
gases, however, these compounds do not occur natu- 
rally in the atmosphere. ODSs include the following 
substances: chlorofluorocarbons, halons, methyl 
chloroform, carbon tetrachloride, methyl bromide, 
and partially halogenated fluorocarbons (HCFCs). 

Many governments, recognizing the harmful 
effects of these compounds on the annosphere, signed 
the Montreal Protocol on Substances that Deplete the 
Ozone Layer in 1987 to limit the production and con- 
sumption of a number of CFCs and other halo- 
genated compounds. The. U S .  furthered its 
commitment to phase-out these substances by signing 
and ratifying the Copenhagen Amendments to the 
Montreal Protocol in 1992. Under these amend- 
ments, the U.S. committed to eliminating the produc- 
tion of all halons by January 1,1994 and all CFCs by 
January 1,1996. 
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Under the Clean Air Act (CAA), which developed 

the U.S. phaseout schedule for the Montreal Protocol, 
OIjSs were categorized based on their ozone deple- 
tion potential. Compounds are classified as “Class 1” 
or “Class 11” substances, and must adhere to a dis- 
tinct set of phase-out requirements. 

w Class I ODSs include fully halogenated CFCs, 
halons, tetrachlorocarbon (commonly known as 
carbon tetrachloride), and 1,1,1 trichloroethane 
(a.k.a. methyl chloroform). Fully halogenated 
compounds have no hydrogen atoms in their 
makeup and are so called because they contain 
chlorine, fluorine, or bromine atoms (elements 
belonging to the halogen family). Of the elements 
in the halogen family, chlorine and bromine are 
thought to be ozone-depleting agents, while fluo- 
rine is believed to be a potent greenhouse gas. 
Halon compounds contain bromine atoms instead 
of chlorine atoms, while methyl chloroform is 
actually a partially halogenated compound (the 
only one to be included in this Class). These com- 
pounds are the primary ODSs in use today. 

w Class II ODSs include hydrochlorofluorocarbons 
(HCFCs), some of which were developed as 
interim replacements for CFCs. Because these 
HCFC compounds are only partially-halogenated, 
their hydrogen-carbon bonds are more vulnerable 
to oxidation in the troposphere, and therefore 
pose only about one-tenth to one-hundredth the 
threat to stratospheric ozone compared to CFCs. 
Although HCFCs pose less of a threat to the 
Earth‘s stratospheric ozone layer, they are still 
powerful greenhouse gases, with GWs several 
orders of magnitude larger than CO, (for exam- 
ple, HCFC-22 has an estimated direct GW” of 
1,700, which makes HCFC-22 1,700 times more 
heat absorbent than an equivalent amount by 
weight of CO, in the atmosphere). 

The production and use of Class I and Class 11 
substances in the U S .  are being phased out in accor- 
dance with the Montreal Protocol and the 1990 
Clean Air Act. Under these measures, the production 
of Class 1 substances in the US. will cease by January 
1996, while the production of Class 11 substances will 

-~ 
be gradually~ phased out between 2003 and 2030. 
Another group of partially-halogenated compounds 
that do not contain chlorine, known as HFCs, are 
being developed as long-term replacements for Class 
I and Class I1 substances. 

Although the IPCC emission inventory guidelines 
do not include reporting emissions of CFCs and 
related compounds, the U.S. believes that no inven- 
tory is complete without the inclusion of these emis- 
sions; therefore, emission estimates for several Class I 
and Class II ozone-depleting substances are provided 
in Table II-6. It should be noted that the use of these 
compounds is declining as the U.S. fulfills its obliga- 
tions under the Montreal Protocol. Also, the effects of 
these compounds on radiative forcing are not pro- 
vided here. Although CFCs and related compounds 
have very large direct GWPs, their indirect effects are 
believed to be negative, possibly equal in magnitude 
to their direct effects. Given the uncertainties sur- 
rounding the net effect of these gases, they are 
reported here on a full molecular basis only. 

Emissions of ODSs were estimated by the U.S. 
EPA using the Atmospheric and Health Effects 
Framework (AHEF) model. The EPA model starts 

Table 11-6 
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with global production forecasts for each compound 
and estimates U.S. consumption based on forecasted 
regional shares. These data are further divided by 
end-use. 

With the exception of aerosols and solvents, 
emissions from CFCs and related compounds are not 
instantaneous, but instead occur gradually over time, 
i.e., emissions in a given year are the result of both 
CFC and related compound use in that year and their 
use in previous years. Each end-use has a certain 
release profile, which gives the percentage of the com- 
pound that is released to the atmosphere each year 
until all releases have occurred. 

The emission estimates provided here account for 
ODS use in both the current year and in previous 
years. Uncertainties exist over the levels of produc- 
tion, data sources, and emissions profiles that are 
used by the model to estimate yearly emissions for 
each compound. 

Emissions of CFC-12, HCFC-22, and methyl 
chloroform were three of the most prevalent ODS 
emissions in 1994. An estimated 59 thousand metric 
tonnes of CFC-12 were emitted inro the atmosphere, 
along with an estimated 105 thousand metric tonnes 
of HCFC-22, and an estimated 78 thousand metric 
tonnes of methyl chloroform. 

Emissions of Criteria Pollutants: 
NO,, NMVOCs and CO 

In addition to the main greenhouse gases 
addressed above, many industrial processes generate 
emissions of criteria air pollutants. Total US. emis- 
sions of nitrogen oxides. (NO,), non-methane volatile 
organic compounds (NMVOCs), and carbon monox- 
ide (CO) from non-energy industrial processes from 
1990-1994 are reported by detailed source category 
in Table 11-7. The emission estimates in this section 
were taken directly from the U.S. EPA’s Draft 
National Air Pollutant Emissions Trends, 1900-1 994 
(US. EPA, 1995b). This EPA report provided emis- 
sion estimates of these gases by sector, using a “top 
down” estimating procedure: the emissions were cal- 
culated either for individual sources or for many 
sources combined, using basic activity data (e.g., the 
amount of raw material processed) as an indicator of 

emissions. National activity data were collected for 
individual source categories from various agencies. 
Depending 011 the source category, these basic activ- 
ity data may include data on production, fuel deliver- 
ies, raw material processed, etc. 

Activity data are used in conjunction with emis- 
sion factors, which together relate the quantity of 
emissions to the activity. Emission factors are gener- 
ally available from the US. EF’A’s Compilation of Air 
Pollutant Emission Factors, AP-42 (US. EPA, 
1995a). The EPA currently derives the overall emis- 
sion control efficiency of a source category from a 
variety of sources, including published reports, the 
1985 NAPAP (National Acid Precipitation and 
Assessment Program) emissions inventory, or other 
EPA data bases. 

Emissions of NF, 
Nitrogen trifluoride (NF,) is a gas used in plasma 

etching applications in the semiconductor industry. A 
range of lifetimes are reported for NF,, from 50 to 
740 years. These estimates vary due to different 
destruction pathway assumptions, with the high end 
estimate assuming photolysis and the low end esti- 
mate considering ferrous ions present in water 
droplets in the atmosphere. The global warming 
potential (GWP) of NF, relative to CO, is estimated 
for both lifetime extremes. The 100 year GWP of NF, 
based on a SO year lifetime is estimated to be 6,300; 
for a lifetime of 740 years, the GWP is estimated to 
be 13,100. Although the concentration of NF, in the 
atmosphere to date has not yet been determined, 
experts have found that if all the NF, produced in the 
U.S. over the past IS years were released into the 
atmosphere, the temperature rise would be less than 
1x10“ degrees Celsius (Maroulis, 1994). Because of 
the uncertainties surrounding its contribution to the 
greenhouse gas effect, NF, is not included in this 
inventory. However, as the understanding of this gas 
increases, NF, may be included in future inventories. 
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Part I I I: 
Emissions from Solvent Use 

he use of solvents and other chemical products can result in emissions of various photochemically impor- T tant trace gases. Nonmethane VOCs (NMVOCs), commonly referred to as “hydrocarbons,” are the pri- 
mary gases emitted from most processes employing organic or petroleum-based solvents, along with small 
amounts of carbon monoxide (CO) and oxides of nitrogen (NO,). While these gases are not greenhouse gases, 
they are photochemically important gases, and so contribute indirectly to the greenhouse effect. 

Emissions from solvent use in the U.S. consist mainly of NMVOCs, along with trace amounts of CO and 
NO,. NMVOC emissions from solvent use increased nearly 6 percent from 1990 to 1994, while emissions of 
NO, increased by 50 percent and CO emissions remained constant (Table m-1). Surface coatings accounted for 
the majority of NMVOC emissions from solvent use (over 40 percent), while “non-industrial” uses accounted 
for about 32 percent and dry cleaning for slightly over 3 percent of NMVOC emissions during the same period. 
Overall, solvent use accounted for approximately 31 percent of total U S .  1994 emissions of NMVOCs. 

Although a comparatively minor source category 
in the U S . ,  emissions from solvent use have been 

reported separately by the U.S. to be consistent with 
the reporting guidelines recommended by the IPCC. 
These guidelines identify solvent use as one of the 
major source categories for which countries should 
report emissions. In the US. emissions from solvents 
are primarily the result of solvent evaporation, 
whereby the lighter hydrocarbon molecules in the sol- 
vents escape into the atmosphere. The evaporation 
process varies depending on different solvent uses and 

, ,solvent types. The major categories of solvents use 
include: 

Degreasing; 

Graphic arts; 

Surface coating; 

Other industrial uses of solvents (i.e., electron- 
ics, etc.); 

Dry cleaning; and 

Non-industrial uses (;.e., uses of paint thinner, 
etc.). 
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Table III-2 contains detailed 1994 emission esti- 
mates from solvents by major source category.’ 

Estimates of eiiiissions from solveuts came from 
U.S. EPA (1995b), which estimated emissions based 
on a “bottom up” process. This process involves 
aggregating solvent use data based on information 
relating to solvent uses from different sectors such as 
degreasing, graphic arts, etc. Emission factors for 

Table 111-1 

each consumption category are then applied to the 
data to estimate emissions. For example, emissions 
from surface coatings are mostly due to solvent evap  
oration as the coatings solidify. By applying the 
appropriate solvent emission factors to the type of 
solvents used for surface coatings, an estimate of 
emissions can be obtained. 

‘ Plcarc note that emissions in Tables m-1 and n1-2 ace expressed in thousand metric tonnes. 
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Part IV: 
Emissions from Agriculture 

gricultural activities contribute directly to emissions of greenhouse gases through a variety of different A processes. This part of the U.S. inventory presents emission estimates for five types of agricultural activi- 
ties: management of domestic livestock, management of the manure of domestic livestock and poultry, cultiva- 
tion of rice, fertilizer use, and field burning of agricultural crop wastes. Several other agricultural activities, such 
as irrigation and tillage practices, may contribute to greenhouse gas emissions; howeve& due to uncertainty sur- 
rounding the impact of these practices, emissions from these sources are not included in the inventory.' Agri- 
culture-related land-use change activities, such as conversion of grassland to cultivated land, are discussed in 
part V of this inventory. 

In 1994, agricultural activities were responsible for emissions of 80 m T C E ,  or approximately 5 percent of 
total US. GHG emissions (see Figure N-1). Methane (CH,) is the most significant gas emitted by agricultural 
activities, accounting for 61 MMTCE. Domestic livestock, manure management, rice cultivation, and field bum- 
ing of agricultural crop wastes are all sources of CH,. Methane emissions from domestic livestock enteric fer- 
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U.S. (see Figure N-2). Together, emissions from 
these sources make up 93 percent of CH, emis- 
sions from agricultural activities. Of all domestic 
animal types, beef and dairy cattle are by far the 
largest emitters of CH,. Rice cultivation and agri- 
cultural crop waste burning are minor sources of 
CH,, comprising abdut 2 percent and 0.4 percent 
of total CH, emissions in the US, respectively. 
These sources together account for about 5 per- 
cent of US.  CH, emissions from agriculture. 

Table N-1 presents emissions estimates for 
the agriculture sector between 1990 and 1994. 
Between 1990 and 1994, CH, emissions from 
domestic livestock enteric fermentation and 
manure management increased about 6 percent 

I 

1 Lrrigarion associated with rice cultivarion io included in rhis invcntory. 
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and 15 percent, respectively. During the same time 
period, CH, emissions from rice cultivation increased 
about 21 percent, while emissions from agricultural 
waste burning rose about 16 percent. 

In addition to CH,  agricultural activities are a 
source of nitrous oxide (N20), carbon monoxide (CO) 

and nitrogen oxides (NO,). Fertilizer use on agricul- 
tural soils is a major contributor to total N20 emis- 
sions, responsible for about 45 percent of total U.S. 
emissions (see Figure W-3). Emissions of N 2 0  from this 
source increased about 14 percent between 1990 and 
1994. Agricultural crop waste burning is a source of 

Tnblr IV. I 
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N20, CO and NO,, in addition to CH,. Howeveq agri- 
cultural crop waste burning accounts for only about 1 
percent or less of total US. emissions of each gas. 

Methane Emissions from Enteric 
Fermentation in Dqmestic Livestock 

Methane is a natural by-product o f  animal diges- 
tion. During digestion, methane is produced through 
a process referred to as enteric fermentation in which 
microbes that reside in animal digestive systems break 
down feed consumed by the animal. Ruminants, 
which include cattle, buffalo, sheep and goats, have 
the highest methane emissions among all animal 
types because of  their unique digestive system. 
Ruminants possess a rumen, or large “fore-stomach, ” 
in which a significant amount of methane-producing 
fermentation occurs. Non-ruminant domestic ani- 
mals, such as pigs and horses, have lower methane 
emissions than ruminants because much less 
methane-producing fermentation takes place in their 
digestive systems. The amount of methane produced 
and excreted by an individual animal depends upon 
its digestive system (;.e., whether or not it possesses a 
rumen), and the amount and type of  feed it consumes. 

Enteric fermentation in domestic livestock is a 
major source of methane in the U.S. Methane emis- 

sions from enteric fermentation in the US. amounted 
to S.7 million metric tonnes (38.1 MMTCE) in 1990, 
rising to 6.0 million metric tonnes (40.2 MMTCE) in 
1994. Ojall  domestic livestock, cattle are by far the 
largest source of methane. In 1994, cattle accounted 
for 96 percent o f  total emissions from enteric fer- 
mentation in domestic livestock, O f  total cattle emis- 
sions in 1994, beef cattle accounted for about 70 
percent, while dairy cattle accounted for the rest. 

Increases in methane emissions from enteric fer- 
mentation in livestock are primarily due to increasing 
beef cattle populations. Between 1990 and 1994, the 
total beef cattle population increased by about 8 per- 
cent. The population of  dairy cattle, on the other 
hand, decreased by about 2.8 percent between 1990 
and 1994. Despite this decrease in dairy cattle popu- 
lation, methane emissions from dairy cattle increased 
by 0.7 percent because feed intake per cow increased 
as milk production per cow increased. 

Methane is produced during the normal digestive 
processes of animals. During digestion, microbes res- 
ident in the digestive system ferment feed consumed 
by the animal. This microbial fermentation process, 
referred to as enteric fermentation, produces methane 
as a by-product, which is exhaled or eructed by the 
animal. The amount of methane produced and 
excreted by an individual animal depends primarily 

Among animal types, the ruminant animals &e., 
cattle, buffalo, sheep, goats, and camels) are the 
major emitters of methane because of their unique 
digestive system. Ruminants possess a rumen, or 
large “fore-stomach,” in which microbial fermenta- 
tion breaks down consumed feed into soluble prod- 
ucts that can be utilized by the animal. The microbial 
fermentation that occurs in the rumen enables rumi- 
nants to digest coarse plant material that non-rumi- 
nant animals cannot digest. Ruminant animals have 
the highest methane emissions among all animal 
types because a significant amount of methane-pro- 
ducing fermentation occurs within the rumen. 

Non-ruminant domestic animals, such as pigs, 
horses, mules, rabbits, and guinea pigs, also produce 
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- methane through enteric -fermentation, although this 
microbial fermentation occurs in the large intestine. The 
non-r!!Finanrs have much !ower methane emissiors 
than ruminants because much less methane-producing 
fermentation takes place in their digestive systems. 

In addition to the type of digestive system that an 
animal possesses, its feed intake also affects the 
amount of methane produced and excreted. In gen- 
eral, the higher the feed intake, the higher the 
methane emissions. Feed intake is positively related to 
animal size, growth rate and production (Le., milk 
production, wool growth, pregnancy, or work). 
Therefore, feed intake varies among animal types as 
well as among different management practices for 
individual animal types. 

This section presents estimates of methane emis- 
sions resdting from enteric fermentation in domestic 
livestock. Only animals managed by humans for pro- 
duction of animal products, including meat, milk, hides 
and fiber, and draft power are included.' Although 
methane emissions from non-ruminants are signifi- 
cantly less than those for ruminants, both animal types 
are included in order to produce a complete inventory. 

The emission estimates for all domestic livestock 
were determined using the emission factors developed 
in U.S. EPA (1993a). To derive emissions estimates, 
emission factors were multiplied by the applicable 
animal populations. The resulting emissions by ani- 
mal type were summed over all animal types to esti- 
mate total annual methane emissions for all domestic 
livestock. Emission estimates for 1990 to 1994 were 
derived using annual animal population statistics 
from the U.S. Department of Agriculture (USDA) 
National Agricultural Statistics Service (NASS). 

The principal uncertainty in estimates of methane 
emissions from livestock digestion results from the 
large diversity of animal management practices found 
in the U.S., all of which cannot be precisely charac- 
terized and evaluated. Also, the methodological 

assumptions used to derive emission factors are only 
as accurate as the experimental data upon which they 
are based. Neverthcless, significant sciciitific litera- 
ture exists that describes the quantity of methane pro- 
duced by individual ruminant animals, particularly 
cattle. Also, cattle productipn systems in the U.S. are 
well characterized compared to other livestock man- 
agement systems in the U.S. 

Methane Emissions from Cattle 
With the availability of Cattle management data, it 

is possible to estimate methane emissions from cattle in 
the U.S. using fairly detailed analyses of feeding prac- 
tices and production characteristics. Also, due to their 
large population, large size, and particular digestive 
characteristics, Cattle account for the majority of 
methane emissions from livestock in the U.S. Thus, a 
model can be constructed to determine estimates of 
emissions from cattle. The estimates presented in Table 
IV-2 are based on a detailed analysis that accounts for 
regional differences in sizes, ages, feeding systems, and 
management systems among cattle subgroups. 

In order to derive emission factors representative 
of the diverse types of cattle found in the US., US. 
P A  (1993a) applied a mechanistic model of rumen 
digestion and animal production (Baldwin, et ai., 
1987) to 32 different diets and nine different cattle 
types.' The cattle types were defined to represent the 
different sizes, ages, feeding systems and management 
systems that are typically found in the U.S. (see Table 
IV-2). Representative diets were defined for each cat- 
egory of animal, reflecting the diverse feeds and for- 
ages consumed by different types of cattle in different 
regions of the U.S. Using the mechanistic model, an 
emission factor was derived for each combination of 
animal type and representative diet. Based upon the 
extent to which each diet is used in each of five 
regions of the US., regional average emission factors 
for each of the nine cattle types were derived.' 

Wild animals also produce methane emissions. The principal wild animals rhar conlriburc to US. emissions are mminanr animals such 
as antelope, caribau, deer, elk, and mwsc. Tcrmircr have also k e n  idcnrificd as a porcnrially imporranr source of mrrhanc emissions and 
arc gcncrally examined separately from orhcr wild animals. These sources arc nor included in the US. inventory kcause they arc nor 
considered anthropogenic. 
' The baric model of Baldwin, et a/. (1987) was revised somewhat IO allow for evaluarions of a grearcr range of animal rypes and diers. 
Sec US. EPA (1993a) for more derail. 
' Feed inrakr of bulls doer nor vary rignificanrly by region, so only a narional emissions facror was derived for this carile cyp. 
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For each cattle type, except dairy cows, emission 
estimates for 1990 to 1994 were obtained using the 
nationally weighted-average emission factors from 
U.S. EPA (1993a) and national population data from 
the USDA National Agricultural Statistics Service 
(NASS),’ (USDA, 1995a-d, 1994a). The emission fac- 
tors were multiplied by the applicable animal popu- 
lations in each region, and the results were summed 
over all cattle types to produce the total emissions 
estimate for US. cattle. Dairy cow emission factors 
from US. EPA (1993a) were modified to reflect 
increasing milk production per cow. The following 
factors should be considered when assessing these 
emission estimates: 

Because all estimates except for dairy cows 
were done nationally (rather than regionally), 
regional shifts in these populations were not 
considered. 

Dairy cow emission factors were developed 
regionally, and reflect both 
increasing milk production 
per cow by region and the 
shift in dairy cows away 
from the North Central 
region to the West (see 
Annex D for detail). The 
regional estimates were 
summed to determine a 
national emissions estimate. 

Emission factors for mature 
dairy cattle were increased to 
reflect the higher feed intakes 
required to achieve the 
increases in milk production 
per cow. 

The mix of Weanling and 
Yearling slaughters was kept 
constant (see Annex D for 
detail). Despite indications of 
a shift toward more Weanling 
slaughters, this change has not 
been quantified. 

Table IV-2 

Table IV-2 presents emissions estimates for each 
animal category for the years 1990 to  1994. 
Emissions from beef cattle increased by 8 percent, 
from 3.95 million metric tonnes to 4.27 million met- 
ric tonnes, reflecting increases in the beef cattle pop- 
ulation (see Table N-3). Emissions from dairy cattle 
were relatively static, despite a declining population 
as emissions per head increased due to higher milk 
production per cow. 

There are a variety of factors that make the emis- 
sions estimates uncertain. First, animal population 
and production statistics, particularly for range fed 
cattle, are uncertain. Second, the diets analyzed using 
the rumen digestion model are broad representations 
of the types of feed consumed within each region, so 
the full diversity of feeding strategies is not repre- 
sented. And last, the rumen digestion model is itself 
uncertain since it was validated using uncertain 
experimental data. Together, these sources of uncer- 
tainty result in an overall uncertainty of about 20 per- 

USDA annual population data from 1990 through 1993 were revised. Due to thew revisions, emissions estimates for 1990 through 
1993 are also revised. 
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cent in th2 emission estimate (U.S. 
EPA, 1993a). 

Methane Emissions from 
Other Domestic Animals 

Methane emissions from other 
animals (i.e., sheep, goats, pigs, and 
horses) account for a very small frac- 
tion of total methane emissions from 
livestock in the U.S. Also, the variabil- 
ity in emission factors for each of 
these other animal types (e+, vari- 
ability by age, production system and 
feeding practice within each animal 
type) is much smaller than for cattle. 
Therefore, emissions from each of 
these other animal types are derived 
using a more simple analysis that is 
based on average emission factors 
representative of entire populations of 

Table 1V.3 . -- . - . . - 

. .  i . 

. .  . .  

each animal type. 
Methane emissions from other domestic animals 

were estimated by using emission factors from 
Crueen, et al. (1986), utilized in US. EPA (1993a) 
and population data from NASS data sets (USDA, 
1995h,m, and 1994~-d) .~  These emission factors are 
representative of typical animal sizes, feed intakes 
and feed characteristics in developed countries. The 
methodology employed in U.S. EPA (1993a) is the 
same as the method recommended by the IPCC 
(IPCUOECDLlEA, 1995). 

In 1994, total methane emissions from other 
animals are estimated to be 270 thousand metric 
tonnes CH, (1.8 MMTCE). The uncertainty in this 
estimate is probably greater than that for the cattle 
emissions estimate because a less detailed analysis 
was performed. However, since cattle account for 
over 95  percent of the emissions from all domestic 
livestock, the uncertainty in the cattle estimates dri- 
ves the overall uncertainty for all livesrock. 
Therefore, the same uncertainty range that was 
applied to cattle (20 percent) has been applied to 
other animals (U.S. EPA, 1993a). This results in low 
and high estimates of 200 and 350 thousand metric 

tonnes CH, (1.3 to 2.3 MMTCE). 
Enteric fermentation emissions from other ani- 

mals changed little from 1990 to 1994. This is a 
reflection of very slight fluctuations in these animal 
populations and the small magnitude of the emission 
source. 

Methane Emissions 
from Livestock Manure 

Anaerobic decomposition of the organic material 
in livestock and p o u h y  manure produces methane. 
In particular, liquid manure management systems, 
e.g., lagoons, ponds, tanks, or pits, tend to produce a 
significant quantity of methane. Higher temperatures 
and moist climatic conditions promote methane pro- 
duction. Although the majority of manure is handled 
as a solid, producing little methane, the general trend 
in manure management is towards an increase in 
usage of higher methane producing liquid systems. 

Emission quantities are broken down by animal 
categories representing the major methane producing 
groups. Total methane emissions for 1994 are esti- 

Papulation data for honer were not readily available for 1991-1994. There emissions are small and were assumed IO be conswnr. 

~ 
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mated to have been 2.54 million metric tonnes (16.97 
MMTCE). Between 1990 and 1994, methane emis- 
sions from manure management increased about 15 
percent. The largest increases occurred between 1991 
and 1992, when the emissions level increased by 3.9 
percent, and between 1993 and 1994, where there 
was a 6.3 percent rise. Emissions for each category of 

animal except “other” have increased annually. 
Animals in the “other” category, representing those 
that produce negligible amounts of methane from 
manure, exhibited no change in their total methane 
emissions from manure. 

These increases in methane emissions reflect 
changes in animal populations in the beef, swine and 
poultry categories, and shifrs in dairy and swine 
manure management towards lagoon management 
systems. Additionally, the increases reflect the regional 
redistribution of dairies to the Southwest, as well as a 
small increase in feed consumption by dairy cows. 

Livestock manure is primarily composed of 
organic material and water. When manure decom- 
poses in an anaerobic environment ( ie . ,  in the 
absence of oxygen), the organic material is broken 
down by methanogenic bacteria. Methane, carbon 
dioxide and stabilized organic material are produced 
a s  end products. 

The principal factors that affect the amount of 
methane produced during decomposition are the way 
in which the manure is managed and the climatic 
environment in which the manure decomposes. 
Methane production will only occur under anaerobic 
conditions. Therefore, when manure is stored or 
treated in systems that promote an oxygen free envi- 
ronment (e.g., as a liquid in lagoons, ponds, tanks, or 
pits), the manure tends to produce a significant quan- 
tity of methane. When manure is handled as a solid 
(e.g., in stacks or pits) or when it is deposited on pas- 
tures and rangelands, it tends to decompose aerobi- 
cally and produce little or no methane. Air 
temperature and moisture also affect the amount of 
methane produced since they influence the growth of 
the bacteria responsible for methane formation. 
Methane production generally increases with rising 
temperature. Also, for non-liquid based manure sys- 
tems, moist conditions (which are a function of rain- 
fall and humidity) favor methane production. 

The composition of the manure also affects the 
amount of methane produced. Manure composition 
depends on the composition and digestibility of the 
animal diet. The greater the energy content and 
digestibility of the feed, the greater the amount of 
methane that potentially could be produced by the 
resulting manure. For example, feedlot cattle fed a 
high energy grain diet produce manure with a high 
methane-producing capacity. Range cattle feeding on 
a low energy forage diet produce manure with only 
half the methane-producing capacity of feedlot cattle 
manure. However, as described above, in either case 
the amount of methane that is actually produced and 
emitted to the atmosphere depends largely on the way 
that the manure is managed. 

Methodology 

Using annual livestock population data obtained 
from the USDA National Agricultural Statistics 
Service (NASS), the methods used in U.S. EPA 
(1993a) were applied to derive methane emission esti- 
mates for manure management in each state for the 
year 1990. For 1991-1994, state methane emissions 
for each animal subcategory were estimated by mul- 
tiplying the corresponding 1990 emissions by the per- 
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cent change in population between each respective 
year and 1990. To incorporate shifts in manure man- 
agement poctices, changes in the methane conversion 
factor (MCF) were estimated for seven states for 
1992 and after, Additionally, to reflect changes in the 
feed intake of dairy cows, a yearly volatile solids 
change factor was applied to each state. 

Methane Emissions Estimates from 
Livestock Manure 

From 1990 to 1994, methane emissions from 
manure management increased from about 2.21 to 
2.54 million metric tonnes of methane, or 15 percent 
(see Table Iv-4). A variety of factors contributed to 
these changes in emission levels, including changes in 
total animal populations, manure management sys- 
tems, animal diets, and regional shifts in the dairy 
industry: 

Populations. The increases in emissions reflect a gen- 
eral increase in animal populations in all categories, 
except dairy cows, heifers and the other minor ani- 
mals populations. These population increases are pri- 
marily due to increases in demand. 

Manure Management Emission levels have 
increased with the general shift in swine and dairy 
management from dry storage to lagoon storage and 
treatment, the latter method producing higher quan- 
tities of methane. The increased use of anaerobic 
lagoon manure management systems is primarily a 
result of larger herd sizes that warrant the use of cost 
effective, automated (liquid) manure management 
systems. Increased concern over the effect of 

Table IV-4 

improper manuie management is also encouraging 
such conversions. 

Diet The decrease in dairy cow and heifer popula- 
tions was accompanied by increases in emissions 
from these animals. Increases in milk production per 
cow result in increased feed intake, leading to 
increased manure production per cow. 

Regional Shifts. State emissions data have indicated a 
shift in dairy operations to states where wastes were 
more likely to produce methane. This is due largely to 
the types of waste management systems in use in 
these states; factors such as climate and rainfall are 
secondary. 

Methane Emissions 
from Rice Cultivation 

Most of the world’s rice, and all rice in the US., 
is grown on flooded fields. When fields are flooded, 
anaerobic conditions in the soil develop, and methane 
is produced through anaerobic decomposition of soil 
organic matter. Methane is released primarily through 
the rice plants, which act as conduits from the soil to 
the atmosphere. 

Rice cultivution is a very small source of methane 
in the U.S. Emissions from this source are estimated to 

C 
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have been approximately 0.9 - 6.0 MMTCE in 1994, 
accounting for about 1 percent of US. methane emis- 
sions from all sources and about 6 percent of US. 
methane emissions fiom agricultural sources. Seven 
states grow rice: Arkansas, California, Florida, 
Louisiana, Mississippi, Missouri, and Texas. Emis- 
sions from Arkansas accounted for over 35 percent of  
total US. emissions from 1990 through 1994, pri- 
marily because it has the largest area ofrice fields har- 
vested. Louisiana, which has a longer growing season, 
has the second highest level of emissions, accounting 
for more than 20 percent of the national total. 

Between 1990 and 1994 methane emissions 
from rice cultivation increased about 21 percent. 
While emissions remained relatively constant 
between 1990 and 1991, they increased about 13 
percent between 1991 and 1992, due primarily to 
the relatively large areas harvested for most states in 
1992. Emissions decreased about 9 percent in 1993 
as a result of reductions in the total area harvested 
for that year. In 1994, emissions increased approxi- 
mately 16 percent as total area harvested increased 
again in each state. 

Most of the world's rice is grown on flooded 
fields. When fields are flooded, aerobic decomposi- 
tion of organic material gradually depletes the oxygen 
present in the soil and floodwater causing anaerobic 
conditions in the soil to develop. Methane is pro- 
duced through anaerobic decomposition of soil 
organic matter by methanogenic bacteria. However, 
not all of the methane that is produced is released 
into the atmosphere. As much as 60 to 90 percent of 
the produced methane is oxidized by aerobic 
methanotrophic bacteria in the soil (Holzapfel- 
Pschorn, et al., 1985; Sass, et ai., 1990). Some of the 
methane is also leached away as dissolved methane in 
floodwater that percolates from the field. The 
remaining non-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 the floodwaters. 

The water management system under which rice 
is grown is one of the most important factors affect- 

ing 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 1 meter), lower stems 
and roots of the rice plants are dead, and thus effec- 
tively block the primary CH, transport pathway to 
the atmosphere. Therefore, while deepwater rice 
growing areas are believed to emit methane, the 
quantities released are likely to be significantly less 
than the quantities released from areas with more 
shallow flooding depths. Also, 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 methane 
to oxidize but also inhibits further methane produc- 
tion in soils. 

Other factors that influence methane emissions 
from flooded rice fields include soil temperature, soil 
type, fertilization practices, cultivar selection, and 
other cultivation practices (e.g., tillage, seeding and 
weeding practices). Many studies have found, for 
example, that methane emissions increase as soil tem- 
perature increases. Several studies have indicated that 
some types of nitrogen fertilizer inhibit methane gen- 
eration, while organic fertilizers enhance methane 
emissions. However, while it is generally acknowl- 
edged that these factors influence methane emissions, 
the extent of the influence of these factors individu- 
ally o r  in combination has not been well quantified. 

Methodology 

Estimates of methane emissions from rice culti- 
vation in the US. are based on the IPCC methodol- 
ogy (IPCC/OECDIIEA, 1995), using emission factors 
that slightly vary from recommended values. The 
IF'CC Guidelines suggest that the "growing" season 
be used to calculate emissions assuming that emission 
factors are based on measurements over the whole 
growing season rather than just the flooding season. 
Applying this assumption to the U.S., however, would 
result in an overestimate of emissions because the 
emission factors developed for the U.S. are based on 
measurements over the flooding rather than the 
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_ _  growing season. Therefore, the method used here is 
based on the number of days of flooding during the 
yowing season 3nd a daily emission facto4 which is 
multiplied by the harvested area. Agricultural statisti- 
cians in each of the seven states in the U.S. that pro- 
duce rice were contacted to determine water 
management practices and flooding season lengths in 
each state, and all reported that US. rice growing 
areas are continually flooded and that none are either 
upland or deepwater. Because flooding season lengths 
varied considerably among states, the IPCC method 
was applied to each of the seven states separately to 
calculate total emissions. 

Daily methane emission factors were taken from 
results of field studies performed in California 
(Cicerone, et al., 1983), Texas (Sass, et al., 1990, 
1991a, 1991b, 1992) and Louisiana (Lindau, et al., 
1991; Lindau and Bollich, 1993). Based on the max- 

imal and minimal estimates of the emission rates 
measured in these studies, a range of 0.1065 to 
0.5639 g/mZ/day was applied to the harvested areas 
and flooding season lengths in each state.' Since 
these measurements were taken in rice growing 
areas, they are representative of soil temperatures, 
and water and fertilizer management practices typi- 
cal of the U.S. 

The climatic conditions of southwest Louisiana, 
Texas and Florida allow for a second, or ratoon, rice 
crop. This second rice crop is produced from re- 
growth on the stubble after the first crop has been 
harvested. The emission estimates presented here 
account for this additional harvested area. Acreage 
for a second cropping cycle, or ratoon cropping, was 
estimated to account for about 30 percent of the pri- 
mary crop in Louisiana, 40 percent in Texas (Lindau 
and Bollich, 1993) and 50 percent in Florida 
(Schudeman, 1995). 

Rice fields for the second crop typically remain 
flooded for a shorter period of time than for the first 
crop. Recent studies indicate, however, that the 

methane emission rate of the second crop may be s ig  
nificantly higher than that of the first crop. The rice 
sfraw produced during the first harvest has bccn 
shown to dramatically increase methane emissions 
during the ratoon cropping season (Lindau and 
Bollich, 1993). It is not clear to what extent the 
shorter season length and higher emission rates offset 
each other. As scientific understanding improves, 
these emission estimates can be adjusted to better 
reflect these variables. 

Since the number of days that the rice fields 
remain permanently flooded varies considerably with 
planting system and cultivar type, a range for the 
flooding season length was adopted for each state. 
The harvested areas and flooding season lengths for 
each state are presented in Table N-5. Arkansas and 
Louisiana have the largest harvested areas, account- 
ing for approximately 40 and 20 percent of the U.S. 
total, respectively. The flooding season lasts the 
longest in California (138 days), Louisiana (105 days) 
and Florida (105 days). 

Methane Emissions from Rice Cultivation 

Table N-6' presents annual emission estimates 
based on the actual area harvested in each state 
between 1990 and 1994. Emissions for the U.S. from 
1990 to 1994 increased 21 percent, from about 112- 
744 thousand metric tonnes (0.75-4.97 MMTCE) to 
131-900 thousand metric tonnes (0.88-6.02 
MMTCE), largely due to increases in rice production 
during this time period. Emissions from Arkansas 
account for over 35 percent of total emissions, pri- 
marily because it has the largest rice area harvested. 
Louisiana, because of its relatively large rice area and 
long growing season, has the second highest level of 
emissions, accounting for over 20 percent of the 
national total. 

For comparison, Table IV-6 also presents 
national emission estimates based on three year 
averages of the area harvested for each state - a 

' Two mcasurcments from thew sNdics wcrc excluded when determining rhe emission coefficient range. A low scamonal average flux of 
0.0595 gldlday in Sass, et a/. (1990) was excluded h a u w  rhir sire experienced a mid-scaron accidental drainage of flwdwater, afrer 
which merhane emissions declined substantially and did not recover for abour ovo weeks. Also, rhc high seasonal average flux of 2.041 
glmVday in Lindau and Bollich (1993) war excluded since this emission rare i s  unusually high, compared 10 other flux mcasurcmenu in 
rhe US., as well as in Europc and Aria (ye IPCWOECDII!X, 1995). 

Please nore that emissions in Table N-6 are expressed in rhousand metric tonncs. 
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methodology recommended by the IPCC to avoid 
unrepresentative results due to fluctuations in eco- 
nomic or climatic conditions. The U.S. believes that 

annual data should be used, particularly as year-by- 
year estimates are developed as they are in this doc- 
ument. 

Table IV-5 

Table IV-6 

- 
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Nitrous Oxide Emissions from 
Agricultural Soil Management 

Various agricultural soil management practices 
contribute to greenhouse gas emissions. The use of 
synthetic and organic fertilizers adds nitrogen to soils, 
thereby increasing natural emissions of nitrous oxide 
(N,O). Other agricultural soil management practices 
such as irrigation, tillage practices, or the fallowing of 
land can also affect trace gas fluxes to and from the 
soil since soils are both a source and a sink for carbon 
dioxide ( C o d  and carbon monoxide (CO), a sink for 
methane (CHJ and a source of nitrous oxide (NOJ. 
However, there is much uncertainty about the direc- 
tion and magnitude of the effects o f  cropping and 
other soil manugement practices on GHG fluxes to 
and from soils. Due to these uncertainties, only N 2 0  
emissions due to fertilizer consumption are included 
in the U S .  Inventory at this time. 

Fertilizer use is a significant source o f N 2 0  in the 
US. Consumption of organic and synthetic fertilizers 
(both multi-nutrient and nitrogen) increased about 3 
percent between 1990 and 1992. While fertilizer use 
declined slightly between 1992 and 1993, heavy 

flooding in the North Central region in 1993 led to 
an 1 1  percent increase in fertilizer application in 1994 
to replace depleted nitrogen in affected cropland 
soils. Total increases in fertilizer consumption 
between 1990 and 1994 caused emissions o f N 2 0  to 
expand from about 16 MMTCE to about 18.4 
MMTCE. Fertilizer emissions in 1994 represent 
approximately 45 percent of total U.S. N 2 0  emis- 
sions, and about 98 percent of N 2 0  emissions from 
all agricultural sources. 

In 1994, the North Central region was responsi- 
ble for approximately 55 percent of the total amount 
of fertilizer consumed in the U.S., while the South 
Central region consumed about 20 percent. Between 
1990 and 1994, fertilizer consumption tvithin each 
region, as a percentage of total U.S. fktilizer con- 
sumption, remained constant. 

Nitrous oxide is produced naturally in soils 
through the microbial processes of denitrification and 
nitrification.' A number of anthropogenic activities 
add nitrogen to soils, thereby increasing the amount 
of nitrogen available for nitrification and denitrifica- 
tion, and ultimately the amount of N20 emined. 
These activities include cropping practices, such as 

This section focuses the discussion on emissions of 
N20 due to fertilizer use (organic and synthetic 
nitrogen and multi-nutrient fertilizers). Other factors 
impacting N20 emissions are also discussed such as 
tillage and irrigation practices, local climate, rainfall, 
and soil properties. Emissions due to atmospheric 
deposition and nitrogen-fixing crops are not included 
for two reasons: these emission sources are highly 
uncertain, and activity data are not readily available. 

Research has shown that a number of factors 
affect nitrification and denitrification rates in soils, 
including: water content, which regulates oxygen 
supply; temperature, an important factor in microbial 
activity; nitrogen concentration, in particular nitrate 
and ammonium concentration; available organic car- 

Denitrification is the proccss by which nitram or nitrites arc reduced by bacteria, which results in the escape of nitrogen into the air. 
Nitrification is the process by which bacteria and other micrwrganirmr oxidize ammonium salts to nitrites. and further oxidize nitrites 
to nitrates. 
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bon for microbial activity; and soil pH. These condi- 
tions vary greatly by soil type, crop type, manage- 
ment regime, and fertilizer application. Moreover, the 
interaction of these conditions and their combined 
effect on the processes leading to nitrous oxide emis- 
sions are not fully understood. 

Scientific knowledge regarding NzO production 
and emissions from fertilized soils is limited. Significant 
uncertainties exist regarding the agricultural practices, 
soil properties, climatic conditions, and biogenic 
processes that determine how much f e m l i r  nivogen 
various crops absorb, how much remains in soils after 
fertilizer application, and in what ways the remaining 
nitrogen either evolves into N20 or into gaseous nitro- 
gen and other nitrogen compounds. 

A major difficulty in estimating the magnitude of 
N20 from soil has been the relative lack of emissions 
measurement data across a suitably wide variety of 
controlled conditions, making it difficult to develop 
statistically valid estimates of emission factors. 
Several attempts have been made to develop emission 
factors for the purpose of developing national emis- 
sions inventories. However, the accuracy of these 
emission factors has been questioned. For example, 
while some studies indicate that N 2 0  emission rates 
are higher for ammonium-based fertilizers than for 
nitrate, other studies show no particular trend in 
N,O emissions related to fertilizer types (see Eichner, 
1990; and Bouwman, 1990 for reviews of the litera- 
ture). Therefore, it is possible that fertilizer type is not 
the most important factor in determining emissions. 
One study suggests that NzO emissions from the 
nitrification of fertilizers may be more closely related 
to soil properties than to the type of fertilizer applied 
(Byrnes, et a/., 1990). Other factors, such as tillage 
and irrigation practices, local climate and crop type 
impact the production of N,O in soils. By linking 
these factors through modeling, several studies esti- 
mate N,O emissions from both crop and pasture 
lands (Li, et al., 1992a, 1994, 1995) (See Box IV-1). 

Agricultural practices not only affect atmos- 
pheric fluxes of NzO, but also impact oxidation and 
uptake of CH, in soils. In addition, various land use 

changes affect fluxes of both NzO and CI-b. A study 
assessing tIie impact of land use and management 
changes on soil as a CH, sink in temperate forest and 
grassland ecosystems indicates that intensive land 
cover changes and increased use of nitrogen fertilizers 
reduced soil uptake of CH, about 30 percent over the 
past 150 years (Ojima, et a/., 1993). Another study 
provides evidence that cultivation of former grass- 
lands between the spring and late fall of 1990 
decreased soil uptake of CH, and increased NzO pro- 
duction (Mosier, et d., 1991). 

Due to the uncertainty surrounding the variety of 
possible emission factors, the IPCC recommends that 
countries estimate emissions from soil based on fertil- 
izer use only, assuming 1 percent of nitrogen applied 
as fertilizer is released into the atmosphere 
(IPCUOECDIIEA, 1995). 

Methodology 
Nitrous oxide emissions from fertilizer use have 

been estimated using the IPCC methodology, 
although with a slightly higher emission Coefficient. 
The emission coefficient used (1.17 percent) is based 
on research done by the USDA (CAST, 1992). The 
amount of fertilizer consumed (synthetic nitrogen, 
multiple-nutrient and organic fertilizer, measured in 
mass units of nitrogen) was multiplied by this emis- 
sion coefficient. Fertilizer data for the U.S. were 
obtained from the Tennessee Valley Authority’s 
(TVA) National Fertilizer and Environmental 
Research Center (TVA, 1994).” Nitrous oxide emis- 
sions from fertilizer use were calculated as follows: 

N,O Emissions = 
Fertilizer Consumption (tonnes N) 

x 0.0 I I7  x ?28 

Nitrous Oxide Emissions 
from Agricultural Soils 

Between 1990 and 1994, total fertilizer consurnp- 
tion (multiple nutrient, synthetic nitrogen and 
organic) increased approximately 14 percent, largely 
reflecting the increase in femlizer use after flooding in 
1993. Fertilizer use increased a t  a 2 percent average 

10 Fertilizer consumption data may be undcrestimared sine they do nor include organic f e n i l i n  that do nor enrer the commercial market. 
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To more fully understand and quantify sources of nitrous 
oxide within soils and to errimate emissions fmm agricultural 
lands. the Denitrification-Decomporition (DNDC) model was 
developed. This model links the decomposition and deniuimca- 
tion processes and uses data on soil pmpenies.climate and agri- 
cultural practices to simulate processes chat impact nitrous oxide 
production in soils. These processes include soil heat flux and 
moisture flow. decomposition of soil residues. deniuification 
rates, piant gmwth. and nivogen uptake (Li. et of.. 19921 and 

The DNDC model estimates emissions of nitrous oxide fmm 
both crop and pasture lands resulting from different soil proper- 
ties. climate. crop type. fertilizer applications. and tiiiage and irri- 
gation practicer (Li. et al., 199la). Nivour oxide emissions from 
a variety of agricultural lands simulated by the DNDC model 
have proven to be consistent with actual Reid measuremen= of 
emissions (Li,et of. 1995. 1994. 1992b). 

In light of vnceminq surmunding thhe validiq of the IPCC 
methodolw for determining nitrous oxide emissions fmm soils. 
emissions estimates based on DNDC model criteria may der  
new and imponant insights into nitrous oxide emissions from 
agriculturai lands. Using the DNDC model. estimates of nitrous 
oxide emissions in 1990 due to fertilizer consumption ranged 
between 110 thousand metric tomes (9.6 MMTCE) and 126 
thousand metric tonnes ( I  I MMTCE). While this estimate is 1 lower than the 1990 emissions estimate based on the iPCC 

1994). 

1 

mnhodology (185 thousand metric tonnes.or 16 MMTCE).ome 
differences in fertilizer consumption data used to ulcuhte the 
two emissions &mates are reconciled. the IPCC and DNDC 
emissions enimtes are more consimm* 

Like fertilizer cmrumpdon.cmpping prauices such as Wage 
and irrigation. local climate. crop type and soil properties am 
important facton affening production of niwus oxide in soils. 
By simulating the effects of facton other than fertilizer con- 
sumption through the DNDC model. emissions of n i w u  oxide 
fmm both wre and croplands were estimated to nnge 
h e n  1.226 and 1.807 thousand mevic tonnes (107 and 158 
MMTCE) in 1990. According to DNDC model &mtes.niwur 
oxide emissions from cropland ma!e up abut 60 parcent of 
total nitrous oxide emissions from rgriculrunl lands. while emis- 
sions from pasture land account for the remaining 40 percent (U. 
et of., 1995). 

The DNDC model expands on the IPCC methodolog)r uti- 
mates of nivwr oxide emissions by asswing bod\ cmp wd pas. 
ture lands as sources of nitrous oxide and by uominlng 
emissions facton beyond fertilizer consumption. However. by 
incorporating I wide variety of emissions factors to estlmta 
nitrous oxide emissions from soil, thhe DNDC model measures 
nitrous oxide emissions that m y  be unrelated to different land 
uses and farming practices. h soil is  a natural source of nlvous 
oxide. the DNDC model may pmvlde an overenimation of 
nkmus oxide emissions due to anthropogenic activities. 

annual rate between 1990 and 1992. Due to severe 
flooding of cropland in the North Central region and 
low total acreage harvested in 1993, fertilizer con- 
sumption decreased 0.5 percent and cropland yield 
declined about 20 percent. In response to low crop- 
land productivity in 1993, total acreage planted in 
1994 increased about 8 percent (USDA, 199Sf; 
Dowdy, 1995). Fertilizer consumption increased 
about 11 percent in 1994 (TVA, 1994) due to both the 
increase in acres planted and efforts to restore nitro- 
gen to cropland soil depleted by the heavy rainfall and 
flooding in 1993 (Taylor, 1995). 

fertilizer consumption, has remained fairly constant 

Regional percentages of total U.S. femlhcr consumption are approximations. Therefore, the rum of percentages for each region will 
not equal 100. N o h  Fast, South Fast, Nonh Central, South Central. and West are defined as the following: Nonh Eat: Maine, New 
Hampshire, Vermont, Massachusetts, %ode Island, C o ~ ~ t i c u t ,  New York, New Jersey, Pennsylvania, Delaware, Maryland, and West 
Virginia. South Ensf: Krginia, Nonh Carolina, South Carolina, Georgia, and Florida. Nonh &mho/: Ohio, Indiana, Illinois, Minnesota, 
Wisconsin, Iowa, Missouri, North Dakota, South Dakota, Nebraska, and Kansas. South Cenhol: Kentucky, Tennessee, Alabama, 
Mississippi, Arkansas, Louisiana, Oklahoma, and Texas. West: Montana, Idaho, Wyoming, Colorado. New Mexico, Arizona, Utah, 
Nevada, California, Washington, and Oregon. For 1993 and 1994, fertilizer consumption data on Georgia as part of the buth East 
region are unavailable. 

between 1990 and 1994 for all regions with the 
exception of the North Central region between 
1993 and 1994. From 1990 to 1992, the North 
Central region made up about 55 percent of total 
fertilizer consumption in the U.S. While fertilizer use 
within this region began to decline in 1993, it again 
stabilized at 55 percent of total U.S. fertilizer con- 
sumption in 1994, following cropland flooding in 
1993. The South Central, West, South East, and 
North East regions remained constant from 1990 to 
1994, making up approximately 20 percent, 15 per- 
cent, 10 percent and 5 percent of total U.S. fertilizer 

Regional fertilizer use, as a percent of total U.S. consumption, respectively (TVA, 1993; TVA, 
1994)." 
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Based on annual fertilizer consumption statistics, 
emissions of N20 from agricultural soils have been 
estimated from 1990 through 1994 (see Table IV-7)I2. 
In 1994, emissions of N,O were estimated to be 
about 211 thousand metric tonnes (18.4 MMTCE). 
After increasing at an average rate of about 2 percent 
between 1990 and 1992, N20 emissions declined 
about 0.5 percent from 1992 to 1993. Due to the dra- 
matic increase in fertilizer use following cropland 
flooding in 1993, emissions of N20 from agricultural 
lands increased approximately 11 percent in 1994. 
Because agricultural activities fluctuate from year to 
year due to economic, climatic and other variables, 
the IPCC recommends that emissions are estimated 
based on three year averages of fertilizer consumption 
data. While the US. believes that annual data should 
be used to calculate emissions, estimates based on 
three year averages are also presented in Table N-7. 

Estimates using the IPCC methodology are 
highly uncertain due to the large degree of uncer- 
tainty associated with the emission factor. A survey of 
the current scientific literature on field N1O flux pro- 
vides a rather broad range for the emission coefficient 
-greater than 0.001 and less than 0.1 (CAST, 1992). 
Also, the emission coefficient used (1.17 percent) is 
probably too low for organic fertilizers and, as men- 
tioned earlier, organic fertilizer consumption may be 
underestimated since the statistics only include fertil- 
izers that enter the commercial market. Uncertainty is 
also introduced due to the variable nitrogen content 
of organic fertilizers. Nitrogen content varies by type 
of organic fertilizer as well as within individual types, 
and average values are used to estimate total organic 
fertilizer nitrogen consumed. 

Table IV-7 

Emissions from Field Burning 
of Agricultural Wastes 

In some parts of the US., agricultural crop wastes 
are burned in the field to clear remaining straw and 
stubble after harvest and to prepare the field for the 
next croppzng cycle. When crop residues are burned, a 
number of greenhouse gases are released, including 
carbon dioxide ( C o d ,  methane (CHJ, carbon 
monoxide (CO), nitrous oxide (N20) ,  and oxides of 

nitrogen (NOJ. However, crop residue burning is not 
thought to be a net source of C 0 2  because the CO, 
released during burning is reabsorbed by crop 
regrowth during the next growing season. 

Field burning of crop residues is not a common 
method of agricultural waste disposal in the U.S., so 
emissions from this source are minor. Annual emis- 
sions from this source over the period 1990-1994 
averaged approximately 107 thousand metric tonnes 
of CH, (0.7MMTCE), 2,247 thousand metric tonnes 
of CO, 4 thousand metric tonnes of N 2 0  (0.4 
MMTCE), and 98 thousand metric tonnes of  NO,. 
These estimates are highly uncertain because data on 
the amounts of residues burned each year are not 
available. The average annual emission estimates for 
field burning of crop residues over the 1990-1 994 
time period represent less than 1 percent of total US. 
emissions of CH, and N O ,  around 3 percent o f  total 
U.S. CO emissions, and less than 1 percent of total 
US. emissions of N20 .  Cereal crops (e.g., wheat, 
corn and sorghum) account for about 75 percent of 
the CH, and CO released and SO percent of the N20 
and N O ,  released. 

Emissions decreased on average about.4 percent 

12 Please nore rhar emissions in Table 1V-7 arc exprrrwd in rhourand metric ronnes. 
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between 1990 and 1991, increased about 18 percent 
between 1991 and 1992, decreased about 21 percent 
between 1992 and 1993, and then increased by 
approximately 34 percent between 1993 and 1994. 
These fluctuations in emissions estimates reflect 
annual fluctuations in the amount of crops produced. 

i 

Large quantities of agricultural crop wastes are 
produced from farming systems. There are a variety 
of ways to dispose of these wastes. For example, agri- 
cultural residues can be plowed back into the field, 
composted, landfilled, or burned in the field. 
Alternatively, they can be collected and used as a bio- 
mass fuel or sold in supplemental feed markets. This 
section addresses field burning of agricultural crop 
wastes. Field burning of crop wastes is not thought to 
be a net source of CO, because the carbon released to 
the atmosphere during burning is reabsorbed during 
the next growing season. Crop residue burning is, 
however, a net source of CH,, CO, N,O, and NO,, 
which are released during combustion. In addition, 
field burning may result in enhanced emissions of 
N,O and NO, many days after burning (Anderson, 
et a/., 1988; Levine, et a/., 1988), although this 
process is highly uncertain and will not be accounted 
for in this section. 

Methodology 

The methodology for estimating greenhouse gas 
emissions from field burning of agricultural wastes is 
based on the amount of carbon burned, emission 
ratios of CH, and CO to CO, measured in the smoke 
of biomass fires, and emission ratios of N,O and 
NO, to the nitrogen content of the fuel. The method- 
ology is the same as the IPCC methodology 
(IPCUOECDflEA, 1995). 

The first step in estimating emissions from agri- 
cultural waste burning is to estimate the amount$ of 
carbon and nitrogen released during burning: 

Carbon Released = 
Annual Crop Production x ReridudCrop Product 
Ratio x Fraction of Residues Burned in situ x Dry 

Maaer content of the Residue x Burning EHiciency x 
Carbon Content of the Residue x Combustion 

Efficiency” 

Nitrogen Released = 
Annual Crop Production x ResidudCmp Product 

Ratio x Fraction of Residues Burned in situ x 
Dry Matter Content of the Residue x Burning 
Efficiency x Nitrogen Content of the Residue x 

Combustion Efliciency” 

Estimates of the amounts of crop residues burned 
in situ, or in the field, are not readily available. 
Therefore, the default value of 10 percent, recom- 
mended by the IPCC for developed countries, was 
used. However, this default value, based on Crutzen 
and Andreae (1990), may be an overestimate for the 
U.S. because open burning is banned in many states. 

Emissions of carbon as CH, and CO are calcu- 
lated by multiplying the amount of carbon released by 
the appropriate emission ratio @e., CH,/C or CO/C). 
Similarly, N,O and NO, emissions are calculated by 
multiplying the amount of nitrogen released by the 
appropriate emission ratio (;.e., N20/N or NO,/N). 
The specific values used in this inventory and the 
results are presented in Tables Iv-8 and IV-9.” 

Emissions from Field Burning 

Estimates of emissions based on each year’s activ- 
ity data have been calculated for the years 1990 
through 1994. Field burning of agricultural wastes 
was estimated to release an average of approximately 
107 thousand metric tonnes CH, (0.7 MMTCE), 
2,247 thousand metric tonnes CO, 4 thousand metric 
tonnes N,O (0.4 MMTCE), and 98 thousand metric 
tonnes NO, annually from 1990 through 1994. 
Cereal crops account for about 75 percent of the car- 
bon released and 50 percent of the nitrogen released. 

Emissions from field burning of agricultural 

l 3  Burning Efficiency is defined as the fracrion of dry biomass exposed IO burning rhar amally burns. Combustion Efficiency is defined 
as the fracrion of carbon in :he fire that is oxidized completely ro COP In rhe methodology recommended by rhe IPCC, the “burning 
efficiency” is assumed IO be contained in rhe “fmcrian of residues burned” facror. However, rhe number used here ro errimare the 
“fracrion of residues burned” does nor account for the fraction of exposed residue rhar does not burn. Therefore, a “burning efficiency 
factor” is added to rhe calculations. 
l4 Plea% note rhar emissions in Tablcr IV-8 and Iv-9 are expressed in Thousand Merric Tomes. 
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Table IV-8 

wastes decreased 1 to 7 percent between 1990 and 
1991 and then increased IS  to 20 percent in 1992. A 
similar pattern again followed between 1992 and 
1993, with a 20 to 21 percent decrease in 1993, and 
then a 31 to 37 percent increase in 1994. Total emis- 
sions are based on actual crop production figures and 
reflect general crop production trends. Production for 
most crops decreased between 1990 and 1991, 
increased from 1991 to 1992, decreased from 1992 
to 1993, and then increased from 1993 to 1994. The 
large decrease in 1993 relative to 1992 and 1994 is 
due, in part, to the decrease in area harvested in 1993 
(USDA, 1994c) that was partially caused by flooding 
(Dowdy, 1995). 

For the 1990-1994 time period, 1994 had the 
highest emissions. Emissions for that year included 
122 thousand tonnes of CH, (0.8 MMTCE), 2,562 
thousand tonnes of CO, 5 thousand tonnes of N,O 
(0.4 MMTCE), and 116 thousand tonnes of NO,. 
Emissions estimates for 1993 were the lowest for the 
period 1990-1994. 

To avoid effects of fluctuations in economic or 
climatic conditions on estimates of emissions from 
burning of agricultural wastes, the P C C  recommends 
using a three-year average for crop production cen- 
tered around the year in question. This method was 
used to estimate emissions for the years 1990, 1991, 
1992, 1993, and 1994. The data and results are con- 
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_ _  Table IV-9 

tained in Tables N-10 and"-11 and generate a trend 
counterintuitive to that reflected by results using the 
annual activity data. Emissions based on a three-year 
average increased approximately 6 ro 7 percent from 
1990 to 1991, decreased about 3 to 4 percent 
between 1991 and 1992, increased 8 to 9 percent 

from 1992 to 1993, and decreased about 2 to 3 per- 
cent between 1993 and 1994. Since these trends run 
counter to the results obtained using annual data, 
annual activity data, rather than three-year averages, 
were used in this Inventory ro produce annual emis- 
sion estimates. 



Table IV- I O  

.... ._._. .. 
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he biosphere emits and absorbs a wide variety of carbon and nitrogen trace gases, including carbon diox- T ide (CO,), methane (CH,), carbon monoxide (CO), nitrous oxide (N,O), oxides of nitrogen (NO,), and 
non-methane hydrocarbons (NMHCs).' When humans impact the biosphere through land-use change and for- 
est management activities, such as clearing an area of forest to create cropland, restocking a logged forest, drain- 
ing a wetjand, or allowing a pasture to revert to a grassland, the natural balance of these trace gas emissions 
and uptake is altered and their atmospheric concentrations adjust. Globally, the most important human activ- 
ity that affects the biosphere is deforestation, particularly the clearing of tropical forests for agricultural use. 
Deforestation is esrimated to be responsible for about 20 percent of the current annual global emissions of CO, 
from anthropogenic activities (IPCC, 1992). 

In the US., however, forest management activities and the regeneration of previously cleared forest area are 
believed to he the primary factors affecting current greenhouse gas fluxes from land-use change and forestry, as 

the amount of forest land has remained fairly constant over recent decades. The net CO, flux in 1990, 1991 
and 1992 due to these activities is estimated to have been an uptake (sequestration) of 125 MMTCE. This car- 
bon uptake represents an offset of about 9 percent of the average annual CO, emissions from energy-related 
activities during this period. Emission estimates are not yet available for 1993 and 1994 hecause the last 
national forest inventory was completed in 1992. 

The U.S. land area is roughly 2,263 million 
acres, of which 33 percent, or 737 million acres, is 
forest land (Powell, et a/., 1993). The amount of for- 
est land has remained fairly constant over recent 
decades, declining by approximately 5 million acres 
between 1977 and 1987 (USFS, 1990; Waddell, et 
d., 1989), and increasing by about 0.5 million acres 
between 1987 and 1992 (Powell, et a/., 1993). These 
changes represent fluctuations of well under 1 per- 
cent of the forest land area, or on average, about 0.1 
percent per year. Other major land uses in the U.S. 
include range and pasture lands (36 percent), crop- 

' Nonmerhanc hydrocarbons (NMHCrJ are a subrcr of nonmethane volatile organic compounds. 

1 Orher lands include farmsteads, rranrponation uscs, marshes, swamps, descrrr, tundra, and miscellaneous orher lands. 

below r& ground surface. 

land (18 percent), urban uses ( 3  percent), and other 
lands (10 percent) (Daugherty, 1991): Urban lands 
are the fastest growing land use. Given that US.  for- 
est land area changed by only about 0.1 percent per 
year over the last 15 years, the major influences on  
the net carbon flux from forest land are management 
activities and ongoing impacts of previous landuse 
changes. These activities affect the net flux of carbon 
by altering the amount of carbon stored in forest 
ecosystems. For example, intensified management of 
forests can increase both the rate of growth and the 
eventual biomass densityJ of the forest, thereby 

____.  .. . . . _ I _ _ ~  

Biomass dmsiw, or rhr amounr of biomass in a given land area, includes all rhe living and dead organic marcrial. both above and 
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increasing ?he uptake of carbon. The reversion of 
cropland to forest land through natural regeneration 
a!so will, over decades, result in increased ca:bon 
storage in biomass and soils ( i e . ,  in general, forests 
contain more carbon than cropland). 

Forests are complex ecosystems with several 
interrelated components, each of which acts as a car- 
bon storage pool, including: 

trees ( ie . ,  living trees, standing dead trees, 

soil; 
the forest floor (ie., woody debris and tree lit- 

understory vegetation ( ie . ,  shrubs and 

roots, stems, branches, and foliage); 

ter); and 

bushes). 

As a result of biological processes (e.g., growth 
and mortality) and anthropogenic activities (e.g., har- 
vesting, thinning, and replanting), carbon is conrinu- 
ously cycled through these ecosystem components, as 
well as between the forest ecosystem and the atmos- 
phere. For example, the growth of trees results in the 
uptake of carbon from the atmosphere and storage in 
living biomass. As trees age, they continue to accu- 
mulate 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 carbon 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, is not 
likely to be equivalent to the net flux between forests 
and the atmosphere. Because most of the timber that 
is harvested and removed from U.S. forests is used in 
wood products, removals may not always result in an 
immediate flux of carbon to the atmosphere. 
Harvesting in effect transfers carbon from one of the 
“forest pools” to a “product pool.” Once in a prod- 
uct pool, the carbon is emitted over time as 

CO, through either-combustion or decay,’ although 
the exact rate of emission varies considerably 
between different product pools and may in fact 
result in effective long-term carbon storage. For 
example, 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 timber is har- 
vested for energy use, subsequent combustion results 
in an immediate release of carbon. Paper production 
may result in emissions over years or  decades. 

The U.S. forest carbon flux estimates for the 
period from 1990 to 1992 presented in this inventory 
are based on historical changes in forest carbon stocks 
and projected changes in forest producr pools. Forest 
carbon stock estimates are derived for two years, 1987 
and 1992,’based on forest surveys conducted for those 
years. The derived forest stock estimates only include 
carbon contained in biomass of trees and understory 
vegetation. Soil and forest floor carbon stocks have 
not been included at this time due to methodological 
uncertainties associated with their estimation. The 
annual net carbon flux from forest growth in 1990, 
1991, and 1992 was assumed to be equal to the aver- 
age net annual flux during the period between 1987 
and 1992. Carbon fluxes associated with changes in 
sizes of product pools were derived using the esti- 
mated pool sizes in 1980 and 2000. It was assumed 
that the product pool fluxes in 1990,1991, and 1992 
were equal to the average annual flux during the 
1980-2000 period. The total annualcarbon flux from 
forests was obtained by summing the carbon flux 
associated with forest growth and the flux associated 
with changes in product pools. 

The inventory methodology described above dif- 
fers somewhat from that recommended by the IPCC 
(IPCC/OECD/IEA, 1995). Instead of directly invento- 
rying carbon stocks and changes in stocks over rime, 
the IPCC methodology uses average annual statistics 
on land-use change and forest management activities, 
and applies carbon density and flux rate data to these 

‘ Actually, if timber undergoes combustion, some small p n i o n  of the carbon. as much as 10 percent of rhe total carbon rclcawd -will 
bc emined as CO and CH, rather than CO,. In addition, if dmber products are placed in landfills, about 50 percent of thc carbon thar 
eventually decomposer is oxidized 10 CO, and abour 50 percent is released as CH,. However, cvcntually both CO and CH, o x i d k  to 
CO, in the atmosphcre. 
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activity estimates to derive total flux values. In addi- 
tion, the IPCC assumes that harvested biomass 
replaces biomass in existing product pools that 
decays in the inventory year (i.e., that product pool 
sizes do not change over time), while the US. inven- 
tory accounts for changes in the amount of carbon 
stored in product pools. The IF'CC has adopted a 
methodology that utilizes average land-use change 
statistics and does not include fluxes associated with 
product pools because the majority of the world's 
countries do not have detailed time-series of forest 
inventory statistics and information on product pool 
sizes, such as are available in the U.S. and have been 
used in preparing this inventory. Although there are 
large uncertainties associated with the data used to 
develop the emission estimates presented here, the use 
of direct measurements from forest surveys and of 
product pool size estimates is likely to have resulted 
in more accurate flux estimates than if the basic IPCC 
methodology had been employed. 

The estimates of forest carbon and product car- 
bon stocks used in this inventory to derive carbon 
fluxes were provided by Birdsey and Heath (1995). 
These estimates are based on a variety of data 
sources. The amount of carbon in trees and under- 
story vegetation in 1987 and 1992 was estimated 
based on empirical data collected by the U.S. Forest 
Service (USFS) (Waddell, et a/.,1989; Powell, et al., 
1993). The data include estimates of timber volume 
by tree species, size class, and other categories. 
Although the surveys cover only timberland, which is 
a subset of the forest land base, they capture the most 
productive and intensively managed forest lands? 
The amount of carbon in aboveground and below 
ground tree biomass in forests was calculated by mul- 
tiplying timber volume by conversion factors derived 
from a national biomass inventory (Cost, et a/., 
1990). Carbon storage in understory vegetation was 
estimated based on simple models (Vogt, et al., 1986) 

TxhlrV-I 

and review of numerous intensive ecosystem studies 
(Bxds.ey, 1992). The total biomass carbon was esti- 
mated as a sum of carbon contained in individual 
pools. Carbon stored annually in harvested biomass 
was assumed to be equal to a sum of the net amount 
of carbon deposited in landfills and the net increase in 
carbon contained in durable wood products. The 
average values of these fluxes were obtained using the 
1980 and 2000 sizes of landfill and wood product 
pools (Row and Phelps, 1991). 

The total amounts of biomass carbon in U.S. 
forests in 1987 and 1992 are given in Table V-1. The 
increase in forest carbon stocks over time indicates 
that, during the examined periods, forests on average 
functioned as net sinks of carbon. 

The annual net carbon flux in forests in 1990, 
1991, and 1992 was estimated by dividing the differ- 
ence in total forest carbon storage in 1987 and 1992 
by the number of years between the two surveys 
(Table V-2): 

= 98 million tonnes of carbonlyear (14.057 - 13.m 
5 

Net carbon fluxes associated with biomass accu- 
mulated in landfills and in wood products were esti- 
mated based on corresponding pool sizes in 1980 and 
2000 (Table V-1). The annual average net fluxes for 
these pools were estimated by dividing the difference 
between 1980 and 2000 pool sizes by 20 (Table V-2). 

5 Foresr land in rhc US. includes all land thar is at least 10 percent stocked with ueer of any size. Tunberlands are rhc most pmducrivc 
of thew forest lands, growing ai a rate of 20 cubic f u r  per aae  per y a r  or more. In 1992 there were about 490 million a c r e  of 
Tunhrlands, which rcpmwnred 66 percent of a11 fomr lands (Powell, et a/., 1993). Forat land classified as Timberlands is vnrrvrvcd 
form land rhar is producing or is capable of producing crops of indusrrial wood. T h e  remaining 34 percent of foresr land is classified as 
Producrivc Reserved Fomt Land, which is withdrawn from rimber UK by a sramte or regulation, or Other Forest Land, which includes 
unreserved and resewed unproductive forcrr land. while this inventory doer not quantify the carbon flux an Productive Reserved or 
Other Forest Lands, this missing flux is assumed to be rclativcly minor because trees on thcse lands grow slowly and the standing stock 
of trees is nor managed inrcnrivcly. 
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Th? aiGnual total net carbon-fluxes from US. forests- 
were estimated by summing the fluxes from forests, 
wood products, and !andfil!s (Tab!? V-2): 

There are considerable uncertainties associated 
with the estimates of the net carbon flux from US. 
forests in the present inventory. The first source of 
uncertainty is due to the probabilistic rather than the 
deterministic nature of forest surveys. These surveys 
are based on a statistical sample designed to represent 
a wide variety of growth conditions present over 
large territories. Therefore, the actual values of car- 
bon stored in forests are represented by average val- 
ues that are subject to sampling and estimation 
errors. However, according to Birdsey and Heath 
(1995), these errors are likely to be relatively small. 

The second source of uncertainty results from 
incomplete accounting of wood products. Only bio- 
mass removed from private timberland was used to 
assess net carbon fluxes from landfill and wood prod- 
uct pools. Inclusion of biomass removed from other 
timberland would likely increase the estimated net 
sequestered carbon. 

The third source of uncertainty is associated with 
the fact that the carbon content of the understory 
vegetation pool was evaluated using independent 
ecosystem studies. In order to extrapolate results of 
these studies to all forest lands, it was assumed that 
they adequately describe regional or  national aver- 
ages. This assumption can potentially lead to the fol- 
lowing errors: bias from applying data from studies 
that inadequately represent average forest conditions, 
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modeling errors (erroneous assumptions), and errors 
in converting estimates from one reporting unit to 
another (Birdsey and Heath, 1995). 

It should be noted that the current inventory does 
nor include estimates of soil and forest floor carbon 
fluxes. The main reason for excluding these fluxes is 
that impacts of forest management activities, includ- 
ing harvest, on soil and forest floor carbon are not 
well understood. For example, Moore, et a/. (1981) 
found that harvest may lead to a 20 percent loss of 
soil carbon, while little or no net change in soil car- 
bon following harvest was reponed in another study 
(Johnson, 1992). Since forest soils and floors contain 
over 60 percent of the total stored forest carbon in 
the US., this difference can have a large impact on 
flux estimates. 

The current inventory also does not address 
emissions of greenhouse gases other than CO,. It is 
known that forest management activities result in 
fluxes of other radiatively important gases, such as 
CH,, N,O, CO, and several NMHCs. However, the 
effects of forestry activities on fluxes of these gases 
are highly uncertain. Similarly, there are several land- 
use changes that are not accounted for in the inven- 
tory due to uncertainties in their effects on trace gas 
fluxes as well as poorly quantified land-use change 
statistics. These land-use changes include loss and 
reclamation of freshwater wetland areas, conversion 
of grasslands to pasture and cropland, and conver- 
sion of managed lands to grasslands and other 
unmanaged, non-forest dryland types. 

The new estimates of the ncr flux associared with forest growch from 1990-1992 arc lower than those provided in the 1994 US. 
Inventory IUS. EPA, 1994b) k c a u x  the forest floor flux was nor included in the current inventory Also, in addirion IO forest carbon 
s r a k  changes berween 1987 and 1992, the previous esrimares were based on srock changer between 1977 and 1987. Brimares of 
changes in carbon stocks prior to 1987 were nor used in the current inventory to calculare fluxes because ir is believed that this would 
add extra uncenainry to the final flux estimates. The toral ner carbon fluxes in the currcnr invenrory exceed rhosc presented in 1994 due 
10 inclusion of fluxes asraciared wirh accumulation of harvcrred biomass in wood producr and landlill pools. 
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naerobic decomposition of organic materials by bacteria in landfills can result in emissions of methane 
AICH,),  carbon dioxide (CO,), and other greenhouse and photochemically important gases. Currently, 
methane emissions from landfills are the largest single anthropogenic source of methane in the U.S., contribut- 
ing about 36 percent of total US.  methane emissions. Large quantities of methane can be also emitted as a result 
of anaerobic decomposition processes in wastewater streams with high organic material content. In addition, 
the combustion of waste, both in incinerators and by open burning, is also a source of many greenhouse and 
photochemically important gases. This section covers methane emissions from U.S. landfills and wastewater 
streams, and criteria pollutant emissions from waste incineration. Emissions from each of these sources from 
1990 to 1994 are presented in Table VI-1. 

Landfills 

Organic landfill materials such as yard waste, 
household garbage, food waste, and paper can 
decompose and produce methane. This decomposi- 
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tion process is a natural mechanism through which 
microorganisms deTive energy for growth. Methane 
production typically begins one or two years after 
waste placement in a landfill and may lastfrom 10 to 
60 years. Methane emissions from landfills are the 
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largest single anthropogenic source of methane in the 
US. In 1994, methane emissions from US. landfills 
totaled approximately 10.2 million tonnes (68.2 
MMTCE), or about 36 percent of  total US. methane 
emissions. Emissions from US. municipal solid waste 
(MSW) landfills, which received about 67 percent of 
the total solid waste generated in the US., account 
for about 90 to 95 percent of the total landfill emis- 
sions, while industrial landfills account for the 
remaining 5 to 10 percent. There are over 6,000 land- 
fills in the US., with 1,300 of the largest landfilk gen- 
erating almost all the methane and receiving almost 
all the waste. 

Between 1990 and 1994, estimates of methane 
emissions from landfills remained essentially 
unchanged. The relatively constant emissions esti- 
mates for the period are actually the result of two 
countervailing factors: ( I )  an increase in the amount 
of  MSW in landfills contributing to methane emis- 
sions (thereby increasing the potential for emissions); 
and (2) an increase in the amount of landfill gas col- 
lected and combusted (thereby reducing emissions). 

Methane emissions from landfills are a function 
of several factors, including the total amount of 
MSW landfilled over the last 30 years; composition 
of the waste in place; the amount of methane that is 

recovered and either flared or used for energy pur- 
poses; and the amount of methane oxidized in land- 
fills before being released into the atmosphere. The 
estimated total quantity of waste in place contribut- 
ing to emissions increased from about 4,708 million 
metric tons in 1990 to 4,971 million metric tonnes in 
1994, an increase of 5.6 percent. During this same 
period, the estimated methane recovered and flared 
from landfills increased as well. In 1990, for example, 
approximately 1.5 million tonnes of methane were 
recovered and combusted (;.e., used for energy or 
flared) from landfills. In 1992, the estimated quantity 
of methane recovered and combusted increased to 1.8 
million metric tonnes. While 1994 data are unavail- 
able, the amount of methane recovered and com- 
busted from landfills was expected to have continued 
increasing, resulting in relatively constant emissions 
estimates between 1990 and 1994. 

Over the next several years, the total amount of 
MSW generated is anticipated to continue to 
increase. The percentage of waste landfilled, however, 
may decrease due to increased recycling and com- 
posting practices. While the percentage of waste land- 
filled could decrease, the composition of the waste 
being landfilled could include a higher propomon of 
organic material, thereby increasing methane genera- 
tion per unit of waste in place (US. EPA, 1993a). 
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Conversely, 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 new r e g  
dation that will require large landfills to collect and 
combust landfill gas in the future.' The impact of 
such shifts in activity on emissions cannot be fully 
assessed at this time. 

After being placed in a landfill, organic waste 
first decomposes aerobically (in the presence of oxy- 
gen) and is then attacked by anaerobic bacteria which 
convert organic material to simpler forms like cellu- 
lose, amino acids, and sugars. These simple sub- 
stances are further broken down through 
fermentation into gases and short-chain organic com- 
pounds that form the substrates for methanogenic 
bacteria. Methane producing bacteria then convert 
these fermentation products into stabilized organic 
materials and a biogas consisting of approximately 
SO percent carbon dioxide and SO percent methane 
by volume. The percentage of carbon dioxide in the 
biogas released from a landfill may be smaller 
because some CO, dissolves in landfill water 
(Bingemer and Crutzen, 1987). 

Emissions of methane into the atmosphere will 
equal total methane production from municipal land- 
fills adjusted for the methane produced by industrial 
landfills, the methane recovered, and the methane 
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oxidized before being released into the atmosphere. 
These adjustments can be described as follows: 

Methane Emissions = 
municipal landfill methane generation 

plus Industrial landfill methane generation 
minus methane recovery 
minus methane oxidation 

Further detail on the methodology used here can be 
found in Annex E. 

In 1994, landfills in the U.S. were estimated to 

have emitted between 8.3 million metric tonnes to 
12.0 million metric tonnes, with a central estimate of 
10.2 million metric tonnes of methane (68.2 
MMTCE; see Table VI-2). This amount represents 
about 36 percent of total U.S. methane emissions. 
Based on this analysis, landfills are by far the largest 
anthropogenic source of methane emissions in the 
U.S. Table VI-2 presents the estimates of landfill 
methane emissions and uncertainty ranges for 1990 
through 1994. 

Methane emissions estimates from 1990 to 1994 
have remained essentially unchanged. The data indi- 
cate a slight increase in emissions from 1990 to 1994 
(3 percent), but the uncertainties in the data available 

.- 

I The primary rcguladon affrcring landfill gas generation and recovery rates is the proposed rule "Standards of Performance for New 
Stationary Source and Guidelines for Connol of Exisring Sourcer: Municipal Solid Waste Landfills" [Federal Register, May 30, 1991, 
pp. 24467-245281. 
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make it difficult to precisely define trends. However, 
the estimates clearly indicate that larger landfills in 
rhe U S .  contribute more to overall methane emis- 
sions than smaller landfills. In 1994 “large” landfills 
accounted for only 2.5 percent of all landfills, but 
over 30 percent of total landfill methane emissions, 
while a far greater number of small landfills (79 per- 
cent) accounted for only about 12 percent of these 
emissions (see Table VI-2). Moreover, these percent- 
ages have remained essentially unchanged between 
1990 and 1994. 

There are several uncertainties associated with 
the estimates provided for methane emissions from 
landfills. The primary uncertainty surrounding the 
estimates is the lack of comprehensive information 
regarding the characterization of landfills, in terms of 
acres landfilled, moisture content, waste composi- 
tion, operating practices at the landfill, and total 
waste in place (the fundamental factors affecting 
methane production). In addition, there is very little 
information on the quantity of methane that is cur- 
rently flared at non-energy related projects. Finally, 
the statistical model used to estimate emissions is 
based on methane generation at landfill facilities that 
currently have developed energy recovery projects, 
and may not precisely capture the relationship 
between emissions and various physical characteris- 
tics of all U.S. landfills. To the degree that emission 
data and inputs for the model are not representative 
of landfills as a whole, error may be introduced. 

In addition to methane, carbon dioxide i s  also 
released from landfills. However, carbon dioxide 
from landfills is believed to come mainly from 
organic materials. Since these materials are assumed 
to absorb a similar amount of carbon during the 
growing cycle, the net contribution of landfills to the 
global carbon dioxide budget is assumed to be zero, 
and therefore is not included in the emissions totals. 
The same is not true for the methane that may be pro- 
duced, however, since the methane is typically only 
produced as a by-product of the landfilling process. 
For the same reason, carbon dioxide released during 
methane combustion is also not counted. 

Wastewater 

Wastewater can be treated using aerobic and/or 
anaerobic technologies, or if untreated, can degrade 
under either aerobic or anaerobic conditions. 
Methane is produced when organic material in 
treated and untreated wastewater degrades anaerobi- 
cally, ;.e., without the presence of oxygen. Based on 
available data, methane emissions from municipal 
wastewater in the US. were about 1.1 MMTCE in 
1994, or about 0.6 percent of total US. methane 
emissions. Emissions over the period from 1990 
through 1994 have remained relatively constant, 
increasing only slightly due io a growing volume of 
municipal wastewater caused by a rising U.S. popu- 
lation. This estimate is based on rough assumptions 
of the US. municipal wastewater stream drawn from 
U S .  EPA (1 994a), and at this Lime data are not suffi- 
cient to estimate methane emissions from industrial 
wastewater streams. Further research is ongoing at 
the US. EPA to better quantify emissions from this 
source.’ 

Highly organic wastewater streams such as waste 
streams from food processing or pulp and paper 

EPNs Atmospheric Pollution Prevention Division is mrrrnrly conducting research to k n e r  quanrify methane missions from rhc US. 
wastewater stream. The results of this analysis should k available in early 1996. 
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plants rapidly deplete available oxygen in the water 
stream as their organic matter decomposes. The 
organic content, otherwise known as ‘‘loading’’ of 
these wastewater streams, is expressed in terms of 
biochemical oxygen demand, or “BOD.” BOD repre- 
sents the amounts of oxygen taken up by the organic 
matter in the wastewater during decomposition. 
Under the same conditions, wastewater with higher 
BOD concentrations will produce more methane than 
wastewater with relatively lower BOD concentra- 
tions. Most industrial wastewater has a low BOD 
content, while food processing facilities such as fruit, 
sugar, meat processing plants, and breweries can pro- 
duce untreated waste streams with high BOD con- 
tent. 

Although IPCC-recommended methodologies for 
estimating municipal and industrial wastewater 
methane emissions exist, the data required by these 
methodologies are not easily obtained, especially 
industrial wastewater data. Estimates of municipal 
wastewater methane for the U.S. provided in this sec- 
tion are based on methods outlined in U.S. EPA 
(1994a). That report’s methodologies, which are sim- 
ilar to the proposed IPCC methodologies, are based 
on BOD loading in the municipal wastewater flow in 
the U.S., resulting in the following equation: 

k g W  - -- 
Y‘ 

kgBOD, 365 days 0.22kgCH4 

kgBODs 
Population x x- X 

capidday Y‘ 

x (Fraction Anaerobically Digested) 

As shown in Table VI-3, applying this equation 
with U.S. population statistics and available waste 
stream data results in estimated methane emissions 
from municipal wastewater of about 150,000 metric 
tonnes (1.0 MMTCE) in 1990. This value increased 
slightly to about 160,000 metric tonnes (1.1 
MMTCE) in 1994, which was about 0.6 percent of 
total US. methane emissions in that year. This small 
increase was due to an increase in U.S. population 
resulting in an increased flow of municipal waste- 
water. 
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There is uncertainty in these estimates due to a 
lack of data characterizing wastewater management 
practices, the quantities of wastewater that are sub- 
ject to anaerobic conditions, the extent to which 
methane is emitted under anaerobic Sonditions, and 
flaring or utilization practices. 

Waste Combustion 

Similar to other types of combustion, waste com- 
bustion, whether in incinerators or out in the open, 
can be a source of CO,, NO,, CO, and NMVOCs. 
Waste combustion is also a source of CH, and N,O, 
but emissions pathways are still highly uncertain. 

In 1994, emissions of NM VOCs, CO, and NO, 
from waste incineration constituted about 3 percent, 
2 percent and 0.3 percent of  total US. emissions of 
each of these criteria pollutants, respectively. Between 
1990 and 1994, US. emissions of NMVOCs and C O  
from waste incineration increased by about 3.5 per- 
cent, while N O ,  emissions from this source rose 
about 4 percent (see Table VI-4). Open burning con- 
tributes the majority of criteria pollutant emissions 
from waste combustion, constituting about 82 per- 
cent, 61 percent and 50 percent of total NMVOC, 
NO,; and CO emissions, respectively, from this 
source in 1994 (see Table Vl-5). 

Criteria pollutants from waste combustion are 
inventoried annually by the U.S. EPA. Emissions of 
criteria pollutants from waste incineration were 
reported in Nationd Air Pollutant Emission Trends, 
1900-1 994, (U.S. EPA, 1995b). The U.S. EPA esri- 
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mated~emissions from waste combustion by applying 
activity emission factors (from MSW incineration or 
open burning) to collected or estimated local and 
regional activities to obtain local and regional emis- 
sions, which were then aggregated to obtain national 
emissions. 

At present, net carbon dioxide emissions from 
waste incineration are not included in this inventory 
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because a large fraction of the carbon in combusted 
waste (e.g., food waste) is quickly recycled, typically 
on an annual hasis as crops regrow or t r e s  3re 

replanted. Combusted wastes can also contain plas- 
tics or other fossil-fuel based products that contribute 
to net carbon dioxide emissions. At this time, how- 
ever, carbon emissions from the incineration of fossil- 
based products are not estimated. 
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ANNEX A 
METHOD OF ESTIMATING EMISSIONS OF CO, 

FROM FOSSIL ENERGY CONSUMPTION 

The “bottom-up’’ methodology is characterized by six basic steps, which are described 
below. This discussion focuses on emission estimates for the year 1994, with the relevant data 
presented in Tables A-1 through A-6. Emissions estimates for other years were performed using 
the same methodology. Relevant data sources and notations are outlined at the end of this 
discussion. 

METHODOLOGY 

Step 1. Determine energy consumption by energy type and sector. 

The bottom-up methodology used by the U.S. for estimating CO, emissions from fossil 
energy consumption is conceptually similar to the approach recommended by the IPCC for 
tountries that intend to develop detailed, sectoral-based emission estimates (IPCCIOECDIIEA, 
1995). Basic consumption data are presented in Columns 2 - 8 of Table A-1, with totals by 
energy type in Column 8 and totals by sector in the last row. Fuel consumption data for the 
bottom-up approach were obtained directly from the Energy Information Administration (EIA) of 
the U.S. Department of Energy, which is responsible for the collection of all U.S. energy data. 
All the EIA data were collected through surveys at the point of delivery or use, so they reflect the 
reported consumption of fuel by sector and fuel type. Individual data elements came from a 
variety of sources within EIA (see below for exact sources). Most information is from published 
reports, although some data have been drawn from unpublished energy studies and databases 
maintained by EN. 

By aggregating consumption data by sector (i.e., residential, commercial, industrial, 
transportation, electric utilities, and U.S. territories), primary fuel type (e.g., bituminous coal, 
natural gas, and petroleum), and secondary fuel type (e.g., gasoline, distillate fuel, etc.), one can 
estimate total U.S. energy consumption for a particular year. The 1994 total energy consumption 
across all sectors, including territories, and energy types is 76,216 trillion Btu, as indicated in the 
last entry of Column 8 in Table A-I. This total includes fuel used for non-fuel purposes and fuel 
consumed as international bunkers, both of which are deducted in later steps. 

There are three modifications made to consumption in this report that may cause 
consumption information herein to differ from figures given in the cited literature. These are the 
consideration of unmetered natural gas consumption, synthetic natural gas production, and 
ethanol added to motor gasoline. Unmetered natural gas is part of the “balancing item” found in 
most EL4 gas statistics. This item represents unaccounted for differences between calculated 
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supply and constimption, including processes leaks, accounting and reporting problems, and 
other data errors. It is assumed that a fraction of this “balancing item” is actually combusted, 
despite not appearing in consumption figures. In this report, this additional unmetered portion is 
added to each sector’s natural gas consumption in proportion to its total gas consumption, 
making the numbers reported herein slightly larger than in most EIA sources. 

A portion of industrial coal accounted for in EL4 combustion figures is actually used to 
make “synthetic natural gas” via coal gasification. The energy in this gas enters the natural gas 
stream, and is accounted for in natural gas consumption statistics. Since this energy is already 
accounted for as natural gas, it is deducted from industrial coal consumption to avoid double 
counting. This makes the figure for other industrial coal consumption in this report slightly 
lower than most EL4 sources. 

Ethanol has been add to the motor gasoline stream for several years, but prior to 1993 this 
addition was not captured in EL4 motor gasoline statistics. Starting in 1993 this ethanol was 
included in the gasoline statistics. However, since ethanol is a biofuel which is assumed not to 
result in net carbon dioxide emissions to the atmosphere, the amount of ethanol added is 
subtracted from total gasoline consumption so as not to include the associated carbon dioxide 
emissions. Thus, motor gasoline consumption statistics given in this report may be slightly lower 
than in EL4 sources. 

There are three basic differences between the consumption figures presented in Table A-1 
and those recommended in the IPCC emission inventory methodology. First, all consumption 
data in the U.S. inventory are presented using higher heating values (HHV) rather than the lower 
heating values (LHV) reflected in the P C C  emission inventory methodology. This convention is 
followed because all data obtained from EL4 are based on HHV. 

Second, while EIA’s energy use data for the U.S. includes only the 50 U.S. states and the 
District of Columbia, the data reported for the U.S. by international agencies, such as the 
International Energy Agency (EA), includes consumption in the U.S. territories. To make the 
inventory estimates comparable with these statistics, consumption estimates for U.S. territories 
were added to domestic consumption of fossil fuel. Energy consumption data from U.S. 
territories are presented in Column 7 of Table A-1. It is reported separately from domestic 
sectoral consumption, because it is collected separately by EL4 with no sectoral disaggregation. 

Third, the domestic sectoral consumption figures in Table A-1 include bunker fuels and 
non-fuel uses of energy. The P C C  recommends that countries estimate emissions from bunker 
fuels separately and exclude these emissions from national totals, so bunker fuel emissions have 
been estimated in Table A-2 and deducted from national estimates (see Step 4). Similarly, fossil 
fuels used to produce non-energy products that store carbon rather than release it to the 
atmosphere are calculated in Table A-3 and deducted from national emission estimates (see Step 
3). The carbon content values of bunker fuels and carbon stored in products are reported as 

A-2 Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-1994 

i 



“Adjustments” in Columns 17 through 19. The calculation if these adjustments is further 
described in Steps 3 and 4 below. 

Step 2. Determine the carbon content of all fuels. 

Total carbon contained in the energy consumed was estimated by multiplying energy 
consumption (Columns 2 through 8 of Table A-I) by fuel specific carbon content coefficients 
(Table A-6a, A-6b, and Column 9 of Table A-I) that reflected the amount of carbon per unit of 
energy for each fuel. The resulting carbon contents (Columns 10 through 16) are sometimes 
referred to as potential emissions, or the maximum amount of carbon that could potentially be 
released to the atmosphere if all carbon in the fuels were converted to CO,. Fuel specific and 
sectoral totals are given in Column 16 and the last row of Table A-1, respectively. The carbon 
content coefficients used in the US. inventory were derived by EIA from detailed fuel 
information and are similar to the carbon content coefficients contained in the JPCC‘s default 
methodology (JPCCIOECDIIEA, 1995), with modifications reflecting fuel qualities specific to 
the US. 

Step 3. Adjust for the amount of carbon stored in products. 

Depending on the end use, non-fuel uses of fossil energy can result in storage of some or 
all of the carbon contained in the energy for some period of time. For example, asphalt made 
from petroleum can sequester up to 100 percent of the carbon contained in the petroleum 
feedstock for extended periods of time. Other non-fuel products, such as lubricants or plastics, 
also store carbon, but can lose or emit some of this carbon when they are used and/or burned as 
waste after utilization. 

The amount of carbon sequestered or stored in non-fuel uses of fossil fuel energy 
products was based on data concerning the end uses and ultimate fate of various energy products, 
with all non-fuel use attributed to the industrial and transportation sectors. This non-fuel 
consumption is presented in Columns 2 and 3 of Table A-3. Non-fuel consumption was then 
multiplied by fuel specific carbon content coefficients (Tables A-6a and A-6b, and Column 4 of 
Table A-3) to obtain the carbon content of the fuel, or the maximum amount of carbon that could 
potentially be sequestered if all the carbon in the fuel were stored in non-fuel products (Columns 
5 and 6 of Table A-3). This carbon content was then multiplied by the fraction of carbon actually 
sequestered in products (Table A-6a and Column 7 of Table A-3), resulting in the final estimates 
of carbon stored by sector and fuel type, which are presented in Columns 8 through 10 of Table 
A-3. The portions of carbon sequestered were based on IPCC data (PCCIOECDIIEA, 1995) and 
US. specific estimates based on information provided by EIA (Rypinski, 1994). 
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Step 4. Subtract carbon from bunker fuels. 

According to the decision reached at INC-9, emissions from international transport 
activities, or bunker fuel consumption, should not be included in national totals. There is 
international disagreement as to which countries are responsible for these emissions, and until 
this issue is resolved, countries are to report these emissions separately. However, EIA data 
includes bunker fuels (primarily residual oil) as part of consumption by the transportation sector. 
To compensate for this, bunker fuel emissions were calculated separately (Table A-2) and the 
carbon content of these fuels was subtracted from the transportation sector (Column 17 of Table 
A-I). This deduction, together with that of carbon stored in products, resulted in the net carbon 
content, or carbon content with adjustments, as presented in Columns 20 through 25 of Table A- 
I .  The calculations of bunker fuel emissions followed the same procedures used for emissions 
due to consumption of all fossil fuels in the US. (Le., estimation of consumption, determination 
of carbon content, and adjustment for the fraction of carbon not.oxidized). 

. .  

Step 5. Account for carbon that does not oxidize during combustion. 

Since combustion processes are not 100 percent efficient, some of the carbon contained in 
fuels is not emitted to the atmosphere. Rather, it remains behind as soot, particulate matter, or 
other byproducts of inefficient combustion. The estimated fraction of carbon not oxidized in 
US. energy conversion processes due to inefficiencies during combustion ranges from 0.5 
percent for natural gas to one percent for oil and coal. Except for coal these assumptions are 
consistent with the default values recommended by the IPCC (IPCC/OECD/IEA, 1995). In the 
US. unoxidized carbon from coal combustion was estimated to be no more than one percent 
(Bechtel, 1993). Column 26 of Table A-1 presents fractions oxidized by fuel type, which are 
multiplied by the net carbon content of the combusted energy to give final emissions estimates 
(Columns 27 - 33 of Table A-I). 

Step 6. Summarize emission estimates 

Table A 4  summarizes actual CO, emissions in the U.S. by major consuming sector (i.e.. 
residential, commercial, industrial, transportation, and electric utilities) and major fuel type (i.e., 
coal, natural gas, and petroleum products). Adjustments for bunker fuels and carbon sequestered 
in products have been made, as shown in Table A-I. Emissions in Table A 4  are expressed in 
terms of million metric tons of carbon equivalent (MMTCE), except in the last column and row, 
which shows carbon dioxide emissions on a full molecular weight basis. 

Table A-5 summarizes U.S. carbon dioxide emissions by end-use sector. To determine 
these estimates, emissions from the electric utility sector were distributed over the four end use 
sectors according to their share of electricity consumed. Column 2 presents the fraction of total 

A-4 Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-1994 

I 



US.  electricity consumed by each of the four end-use sectors. This fraction was then multiplied 
by total emissions by fuel type from the utility sector (Columns 2 - 4 of Table A-4), resulting in 
the portion of utility emissions attributable to each end-use sector. These end use emissions from 
electricity consumption were then added to the non-utility emission estimates taken from Table 
A-4 (Columns 2 - 4), resulting in total emissions from each of the four end-use sectors (Column 
3 - 5 of Table A-5). 

REFERENCES BY SUBJECT 

Some of the major sources used in estimating CO, emissions from energy consumption 
are listed below. They have been grouped by subject for ease of reference and are included 
alphabetically with other sources in the reference section of this document. These sources are 
often annual or monthly publications. The citations given reflect only the most current issues at 
the time of data compilation. Where necessary, data were also taken from previous installments 
of the reports. 

Consumption Data 

General 

EM, 1995. State Energy Dura Reporr 1993, unpublished full table presentations, DOEEIA- 
0214(93)-annual, Energy Information Administration, US. Department of Energy, 
Washington, DC. 

EM, 1995. Petroleum Supply Annual 1994, DOE/EIA-0340(94)1&2-annual, Energy 
Information Administration, U.S. Department of Energy, Washington, DC. 

EM, 1995. Petroleum Supply Monrhly, DOE/EIA-O109(95)-monthly, Energy Information 
Administration, U.S. Department of Energy, Washington, DC. 

Non-Fuel Use 

EM, 1994. Annual Energy Review 1993, DOEEIA-O384(93)-annual, Energy Information 
Administration, U.S. Department of Energy, Washington, DC. 

EM, 1995. Monthly Energy Review, DOE/EIA-0035(94)-monthly, Energy Information 
Administration, US. Department of Energy, Washington, DC. 

* 
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EIA, 1995. International Energy Annual, unpublished full table presentations, DOEEIA- 
0219(93)-annual, Energy Information Administration, U.S. Department of Energy, 
Washington, DC. 

EIA, 1993. Fuel Oil and Kerosene Sales 1993. Report DOE/EN-O535(94)-annual. Energy 
Information Administration, U.S. Department of Energy, Washington, DC. 

FAA, 1994. Fuel Cost and Consumption, monthly reports, DAI-IO, Federal Aviation 
Administration, U.S. Department of Transportation, Washington, DC. 

ORNL, 1994. Transportation Energy Data Book, ORNL-6798, Edition 14, Oak Ridge 
National Laboratory, Oak Ridge, Tennessee. Prepared for Office of Transportation 
Technologies, U.S. Department of Energy, Washington, DC. 

Unmetered and Synthetic Natural Gas 

EIA, 1994. Natural Gus Annual: 1993, D O W N - 0 1 3  1(93)-annual, Energy Information 
Administration, U.S. Department of Energy, Washington, DC. 

EIA, 1995. Natural Gus Monthly, DOE/EIA-O130(95)-monthly, Energy Information 
Administration, U.S. Department of Energy, Washington, DC. 

Additional Information 

Rypinski, 1994. Memorandum from Arthur Rypinski of the Energy Information 
Administration to Bill Hohenstein of U.S. EPA regarding “Unpublished Data for Inventory,” 
July 27, 1994. 

Carbon Content Coefficients and Thermal Conversion Factors 

IPCCIOECDAEA, 1995. IPCC Guidelines for National Greenhouse Gas Inventories, 3 
volumes: Vol. 1, Reportihg Instructions; Vol. 2, Workbook; Vol. 3, Reference Manual. 
United Nations Environment Programme, Intergovernmental Panel on Climate Change, 
Organization for Economic Co-operation and Development, International Energy Agency. 
Paris, France. 

EIA, 1995. Draft Emissions of Greenhouse Gases In the United Stares 1989 - 1994, 
DOEIEIA-0573-annual. Energy Information Administration, U.S. Department of Energy, 
Washington, DC. In Press. 

A-6 H Inventory of U S .  Greenhouse Gas Emissions and Sinks: 1990-1994 



EM, 1995. State Energy Data Report 1993, DOE/EIA-O214(93)-annual, Energy Infomation 
Administration, US.  Department of Energy, Washington, DC. 

Percents Sequestered 

IPCCIOECDIIEA, 1995. IPCC Guidelines for National Greenhouse Gas Inventories, 3 
volumes: Vol. 1, Reporting Instructions; Vol. 2, Workbook; Vol. 3, Reference Manual. 
United Nations Environment Programme, Intergovernmental Panel on Climate Change, 
Organization for Economic Co-operation and Development, ,International Energy Agency. 
Paris, France. 

Rypinski, 1994. Memorandum from Arthur Rypinski of the Energy Information 
Administration to Bill Hohenstein of U.S. EPA regarding “Unpublished Data for Inventoly,” 
July 27, 1994. 

Marland, G. and A. Pippin, 1990. “United States Emissions of Carbon Dioxide to the Earth’s 
Atmosphere by Economic Activity,” Energy Systems and Policy, 14(4):323. 

Fraction Oxidized 

IPCC/OECDIIEA, 1995. IPCC Guidelines for National Greenhouse Gas Inventories, 3 
volumes: Vol. 1 ,  Reporting Instructions; Vol. 2, Workbook; Vol. 3, Reference Manual. 
United Nations Environment Programme, Intergovernmental Panel on Climate Change, 
Organization for Economic Co-operation and Development, International Energy Agency. 
Paris, France. 

Bechtel, 1993. A Modified EPJU Class II Estimate for Low NO, Burner Technology Retrofit, 
Prepared for Radian Corporation by Bechtel Power, Gaithersburg, Maryland. April, 1993. 

Annex A W A-7 



i 
I 
9 



4 
3 
c 
0 



U I 

a 

d 





Table A-6a: Key Assumptions for Estimating Carbon Dioxide Emissions 

b e l  Carbon Content Fraction Fraction Sequestered 
Coefficient Oxidized 

(MMTCWOBtu) 
tesidential Coal la1 0.99 
:ommercial Coal 
ndustrial Coking Coal 
ndustrial Other Coal 
:oke Imports 
rransprtation Coal 
Jtility Coal 
J.S. Territory Coal (bit) 

qatural Gas 

isphalt & Road Oil 
iviation Gasoline 
)istillate Fuel Oil 
et Fuel 
Cerosene 
P G  
xbricants 
dotor Gasoline 
tesidual Fuel 
Ither Petroleum 

AvGas Blend Components 
Crude Oil 
MoGas Blend Components 
Misc. Products 
Naphtha (<401 deg. F) 
Other Oil (A01 deg. F) 
Pentanes Plus 
Petrochemical Feedstocks 
Petroleum Coke 
Still Gas 
Special Naphtha 
Unfinished Oils 
Waxes 

[a1 
[a1 
[a1 

[a1 

27.85 
NC 

25.14 

14.47 

20.62 
18.87 
19.95 

19.72 

20.24 

21.49 

18.87 

19.41 
20.31 
18.14 
19.95 
18.24 
19.37 
27.85 
17.51 
19.86 
20.21 
19.81 

[a1 

[a1 

[a1 

[a1 

0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 

0.995 

0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 

0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 
0.99 

0.75 

I.W*' 

1 .00 

0.80 
0.50 

0.80 
0.00 

0.00 

Other Wax & Misc. 19.81 0.99 1 .oo 
iources: Carbon Coefficients from EIA (199Sa). Stored Carbon from Marland and Pippen (1990) and Rypinski (1994) 

Combustion efficiency for coal from Bechtel(l993) and for oil and gas from IPCC (lPCC/OECD/IEA. 1995). 
Notes: NC = Not Calculated 

[a] =These coefficients vary annually due to fluxuations in fuel quality. See Table A-6b for more information. 
[bl = Non-fuel use values of distillate fuel, miscellaneous products. residual fuel, and waxes are reponed in 
aggregate in the "Other Waxes & Misc." category. 
IC] = Non-fuel use values of Naphtha (e401 deg. F) and Other Oil ( A 0 1  deg. F) are reponed in aggregate in the 
"Petrochemical Feedstocks" category. 
[d] = ?here are two major non-fuel uses of natural gas: 1. ammonia production in nitrogenous fertilizer 
manufacture: and 2. chemical feedstocks. It is assumed that 100 percent of the carbon in natural gas used as a 
chemical feedstock is sequestered. while the carbon in that used for ammonia production is oxidized quickly. 
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Table A-6b: Variation in Carbon Content Coefficients bv Year (MMTCE I O B ~ I )  
Fuel Type 1990 
Residential Coal 25.92 
Commercial Coal 25.92. 

Industrial Coking Coal 25.5 1 

Industrial Other Coal 25.58 
Utility Coal 25.68 
LPG 17.00 
Motor Gasoline 19.41 
Jet Fuel 19.40 

1991 1992 1993 1994 
26.00 26.13 25.97 25.91 
26.00 26.13 25.97 25.97 
25.51 25.51 25.51 25.51 
25.60 25.62 25.61 25.61 
25.69 25.69 25.71 25.71 
16.99 17.00 16.98 17.02 
19.41 19.42 19.43 19.43 
19.40 19.39 19.37 19.34 

Crude Oil 20.16 20.18 20.22 20.23 20.21 

Sources: Carbon Coefficients from EIA (1995a). 

Annex A A-13 



ANNEX B 
EMISSIONS FROM MOBILE COMBUSTION 

Greenhouse gas emissions from mobile sources are reported by transport mode (i.e., road, 
rail, air), vehicle type, and fuel type. The emissions estimates for NO,, NMVOCs, and CO (U.S. 
criteria pollutants) were taken directly from the U.S. EPAs Draff Narional Air Pollurant 
Emissions Trends, 1900 - 1994 (US. EPA, 1995b). This EPA report provides emission 
estimates for these gases by sector and fuel type using a "top down" estimating procedure 
whereby emissions were calculated using basic activity data, such as amount of fuel delivered or 
miles traveled, as indicators of emissions. 

Estimates for CH, and N,O emissions from mobile combustion were calculated by 
multiplying the appropriate emission factors provided in IPCC/OECD/IEA (1995) by measures 
of activity for each source category. National activity data for the source categories were 
obtained from a number of U.S. government agency publications. Depending on the category, 
these basic activity data included such information as fuel consumption, fuel deliveries, or 
vehicle miles traveled (VMT). 

Estimates of NMVOCs, NO,, and CO Emissions From Mobile Combustion 

Estimates of NMVOCs, NO,, and CO emissions from gasoline and diesel-powered 
highway vehicles are reported by U.S. EPA (1995b) and based on annual VMT and distance 
based emission factors. The annual VMT data was obtained from the Federal Highway 
Administration's (FHWA) Highway Performance Monitoring System database as noted in U.S. 
EPA (1995b). The emission factors were calculated using MOBILESa, a model used by US. 
EPA to estimate exhaust and running loss emissions from highway vehicles. The MOBILE5a 
model uses information on ambient temperature, vehicle speeds, national vehicle registration 
distributions, gasoline volatility, and other variables in order to produce these factors (U.S. EPA, 
1995b). 

Emissions of NMVOCs, NO,, and CO from aircraft, marine vessels, railroads, and other 
non-highway vehicles are also reported by U.S. EPA (1995b). These values were grown from 
emissions calculated in the 1985 National Acid Precipitation Assessment Program (NAPAP) 
Inventory, based on E-GAS growth factors obtained by Bureau of Labor Statistics codes (U.S. 
EPA, 1995b). 
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Estimates of CH, and N,O Emissions From Mobile Combustion 

Since EPA does not systematically track emissions of CH, and N,O, estimates of these 
gases were determined using a methodology conceptually similar to that outlined by the IPCC in 
which activity data for each source category was multiplied by the appropriate emission factors 
provided in the IPCC Guidelines for National Greenhouse Gas Inventories (IF'CC/OECD/IEA. 
1995). The emission factors were derived in part from data used in MOBILE4, a somewhat 
earlier version of EPA's MOBILE5a mobile source emissions model, while activity data was 
derived from information provided by various government agencies .as noted below. 

The 1990 activity data for highway vehicles entailed estimates of VIvlT by vehicle type 
and control technology obtained from U.S. EPAs National Vehicle and Fuel Emissions 
Laboratory (Brezinski, et al., 1992; Carlson, 1994; Nizich, 1994; U.S. DOT, 1994; and U.S. 
EPA, 1995b). For 1991 through 1994, aggregate V,MT data were used to adjust the 1990 
emissions estimates (Nizich, 1995 and U.S. EPA, 1995b). Activity data for gasoline highway 
vehicles are presented in Table B-1, while the breakdown by control technology (assumed 
roughly constant for the period 1990 to 1994) is presented in Table B-2. Given the uncertainty 
underlying these estimates, an arbitrary uncertainty range of i 50 percent was assigned to the 
resulting emission totals, which are presented in Part I. 

Because the travel fraction and control technology data for diesel highway vehicles and 
motorcycles were not available from U.S. EPA, emissions estimates for these vehicle types were 
conducted in a slightly different manner than gasoline highway vehicles. Rather than 
determining a point estimate, they were calculated as a range of values by multiplying the total 
VMT by the high (uncontrolled) and low (advanced) emission factors provided for each category 
(IF'CCIOECDIIEA, 1995). The emission estimates reported in the inventory for diesel vehicles 
and motorcycles are the midpoint of these ranges. The data used are included in Table B-3. 

Activity data for off-highway vehicles generally took the form of annual fuel 
consumption broken down by transportation mode and fuel type. Consumption of distillate 
(diesel) and residual fuel oil by marine bunkers, boats, construction equipment, farm equipment, 
and locomotives, as well as coal consumption by locomotives, was obtained from EL4 (1994e 
and 1995e). Aircraft consumption of jet fuel and aviation gasoline was obtained from FAA 
(1995 and 1994). Consumption of motor gasoline by boats, construction equipment, farm 
equipment, and locomotives was drawn from FHWA (1994). The activity data used for off- 
highway vehicles are included in Table B-4. 
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Year Passenger Cars Light Duty 
Vehicles 

I 1994 1636.4 . 504.1 47.1 

Heavy Duty 
Vehicles 

Source: VMT data are the same as those used in U.S. EPA (199Sb) as reported by Nizich (1995). 

Data Category Passenger Light Duty Light Duty Heavy Duty 
Cars Trucks 1 Trucks 2 Vehicles 

3-Way Catalyst 45% 36% 30% 6% 

Catalyst 
Oxi-3-Way 32% 17% 15% 0% 

Oxi-Catalyst 18% 14% 14% 9% 

Non-Catalyst 2% 2% 3% 35% 

Uncontrolled 4% 31% 39% 50% 

Table B-2. Control Technology Breakdown for Gasoline Highway Vehicles 
(percent of total vehicles) 

I 

Year Diesel Light Duty Heavy Duty Motorcycles 
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Table B-4. Activity Data for Non-Highway Vehicles 

Fuel Category Fuel Quantity (US. gallons unless otherwise noted) 

Residual Diesel I Jet Fuel I Other 
Aircraft ' 

1990 
1991 
1992 
1993 
1994 

Marine Bunkers 
1990 
1991 
1992 
1993 
1994 

Boats 
1990 
1991 
1992 
1993 
1994 

COnstNCtiOn Equip.' 
1990 
1991 
1992 
1993 
1994 

Farm Equip. 
1990 
1991 
1992 
1993 
1994 

Loromotivesd 
1990 
1991 
1992 
1993 
1994 

NA 
NA 
NA 
NA 
NA 

4,686,071,250 
5,089,541,250 
5,399,308,500 
4,702,411.500 
4,702,411,500 

1,562,023,750 
1,696,513,750 
1,799,769,500 
1,567,470,500 
1,567,470,500 

NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 

25.422 
6,845 
8,343 
4.065 

NA 
NA 
NA 
NA 
NA 

549,25 1,000 
54 1.9 10,000 
560,042,500 
510,936,250 
510,936,250 

1,647,753,000 
I,625.730,000 
1,68O.L27,'500 
1,532,808,750 
1,532,808.750 

2,508,300,000 
2,447,400,000 
2,287,642,000 
2,323,183.000 
2,323,183,000 

3,164,200,000 
3,144,200,000 
3,27431 1,000 
3,077,122.000 
3,077,122,000 

3,210,111,000 
3,026,292,000 
3.217.231.000 

12,986,111.661 
11,995,880,426 
12,279.91 2,686 
12,326,549,428 
12,838,425,825 

NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 
NA 

NA 
NA 
NA 
NA 

. . .  
2,906,998,000 
2,906,998,000 NA 

'NA" denotes not npplicablc. 
Sources: 
Notes: [a] Orher Fuel = Aviation Gssahe. 

W H A .  1994; EM. 1994e; EIA. 1995e; FAA. 1994. and FAA. 1995. 

[bl Other Fuel = Moior Gasoline 
IC] Conruuction Equipment includes moumobiles. Other Fuel = Maor Gasoline 
[dl Other Fuel =Coal (in shon tons) 

353,100,000 
353,600,000 
314,000,000 
268,400,000 
268,400,000 

NA 
NA 
NA 
NA 
NA 

1,300,400,000 
1,709,700,000 
1.31 6,170,000 
873,687,000 
873,687,000 

1.523,600,000 
1,384.900,OOO 
1.492,200,000 
1,464,599,000 
1,464,599.000 

812,800,000 
776.200,000 
805,500,000 
845.320.000 
845,320,000 

28,000 
17,000 
42,000 
18,000 
42.000 

84 Inventory of US. Greenhouse Gas Emissions and Sinks: 1990-1994 



ANNEX C 
EMISSIONS OF HFCs, PFCs AND SF, 

This describes the assumptions and methodologies behind the United States 
emissions calculations of hydrofluorocarbons (HFCs), perfluorocarbons (PFCs) and sulfur 
hexafluoride (SF,) from 1990 to 1994. The spreadsheets used to generate the emissions figures 
follow the descriptions. 

HFCs: 

. HFC-23 emissions were assumed to equal three percent of HCFC-22 production. U.S. 
HCFC-22 production (Kozel, 1995) was as follows: 

. 1990 138,823 metric tonnes . 1991 142,641 . 1992 149,526 
1993 132,165 r . 1994 139,444 (preliminary) 

. 
. Emissions of HFC-125, HFC-l34a, HFC-l52a, and HFC-227 were taken from the latest 

available information in the US.  EPA's Vintaging Framework computer model. Values 
for HFC-125 and HFC-227 prior to 1994 were not available because these chemicals 
were not assumed to enter the market as substitutes until 1994. 

PFCs: 

. CF, and C,F, emissions are primarily by-products of aluminum production. The 
respective emission factor ranges were estimated to be 0.01 to 1.2 kg CF, per metric 
tonne of aluminum produced and 0.001 to 0.12 kg C,F, per metric tonne of aluminum 
produced (Jacobs, 1994). For this analysis, estimates were provided for the low, high and 
average emission factors for each chemical. U.S. aluminum production (Bureau of 
Mines, 1995e) was as follows: 

. 1990 4.048 million metric tonnes . 1991 4.121 . 1992 4.042 . 1993 3.695 . 1994 3.299 
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SF,: 

. U.S. production of SF, was estimated to be 6,000,000 lbs annually for the period 1990 to 
1994 (Wagner, 1994). US. production was assumed to equal U.S. consumption, i.e., no 
imports or exports. Eighty percent of SF, consumption was assumed to be used in heavy 
electrical equipment, while the remaining 20 percent was assumed to be used in metal 
industries, e.g., aluminum degassing, magnesium casting (Wagner, 1994). Emissions 
from electrical equipment were set at 1 percent of existing stock annually (Norwegian 
Institute for Air Research (NIAR), 1993). While leakage rates may be higher for older 
equipment, the 1 percent rate has been assumed for all equipment at this time. EPA is 
currently conducting additional research on this matter; estimates will be updated as new 
information becomes available. All SF, used in the metal industries was assumed to be 
emitted in the year of production. This assumption, too, may change as further research is 
conducted. Use of SF, in electrical equipment was assumed to begin in 1973 (NIAR, 
1993). The GWP of 24,900 corresponds to a 100 year time horizon. 

! 
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ANNEX D 
ESTIMATION OF METHANE EMISSIONS FROM ENTERIC 

FERMENTATION IN CATTLE AND FROM ANIMAL MANURE 
MANAGEMENT 

This annex presents a detailed explanation of the methodologies and data used to estimate 
methane emissions from enteric fermentation in cattle and from animal manure management. 
This information is provided in order to enable the reader to verify the emission estimates 
presented in Part 4 of the inventory. Emissions estimates are based on the analysis presented in 
U.S. EPA (1993a). Information from US. EPA (1993a and 1994b) is included in this annex to 
serve as a reference point for the updated emissions estimates presented in this report. 

Methane Emissions From Enteric Fermentation in Cattle 

To estimate methane emissions from enteric fermentation in cattle, detailed analyses of 
rumen digestion and animal production were performed using a mechanistic model of cattle 
digestion. This model, originally described in Baldwin et al. (1987), explicitly models the 
fermentation of feed within the rumen, and estimates the amount of methane formed and emitted 
as a result. Since the original model of Baldwin et al. was developed for application to lactating 
cows, it was revised to enable evaluations of a wider range of animal types, sizes, and stages of 
maturity, as well as a wider range of diets. 

To apply the model, representative cattle types and diets for five geographic regions of 
the US. were defined. The cattle type categories represent the different sizes, ages, feeding 
systems, and management systems that are. typically found in the U.S. Representative diets were 
defined for each category of cattle, reflecting the diversity of diets that are found in each of the 
five regions (Figure D-1). Each cattle type within each region was evaluated using the model, 
resulting in emission factors (kilograms CH,/head/year) for each type in each region. 

The following animal types were defined for the cattle population: 

Dairy Animal Types 
Replacement heifers 0-12 months of age' 
Replacement heifers 12-24 months of age 
Mature dairy cows (over 24 months of age) 

' "Replacemenu" are the offspring that are retained IO replace maNre cows that die or are removed from the herd (culled) 
each year. 
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Figuk D-l< Geographic Regions Used in the Analysis 

Includes Alaska md Hawaii 

Source: US. EPA (1993a) 

Beef Animal Types 
Replacement heifers 0-12 months of age 
Replacement heifers 12-24 months of age 
Mature beef cows (over 24 months of age) 
Weanling system heifers and steers' 
Yearling system heifers and steers' 
Mature bulls 

In "weanling systems". calves are moved directly from weaning to confined feeding programs. This system represents a 
very fast movement of cattle through to marketing for slaughter. Weanling system cattle are marketed at about 420 days of age 
(14 months). 

"Yearling systems" represent a relatively slow movement of cattle through to marketing for slaughter. These systems 
include a wintering over. followed by a summer of grazing on pasture. Yearling system cattle are marketed at 565 days of age 
(18.8 months). 
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Due to their small number, mature dairy bulls were. not evaluated. Dairy calves that are 
not kept as replacements are generally fed for slaughter. Therefore, these animals were included 
in the total for weanling and yearling system heifers and steers (ie., heifers and steers grown for 
slaughter). Tables D-1 and D-2 summarize the size, age, and production characteristics used to 
simulate each of the representative animal types. 

A total of 32 different diets were defined to represent the diverse feeds and forages 
consumed by cattle in the U.S. Fourteen diets were defined for dairy cattle: six for dairy cows 
and four each for replacement heifers 0-12 months and 12-24 months. Eighteen diets were 
defined for beef cattle: three each for beef cows, replacements 0-12 months, weanling system 
heifers and steers, and yearling system heifers and steers; four for replacements 12-24 months; 
and two for beef bulls. 

Table D-1. Representative Animal Characteristics: Heifers and Cattle Fed for Slaughter 

Replaceme.nt Heifers 

Dairy Replacement Heifers: 
0-12 months 

Dairy Replacement Heifers: 
12-24 months 

Beef Replacement Heifers: 
0-12 months 

Beef Replacement Heifers: 
12-24 months 

Feedlot Fed Cattle for Slaughter 

Yearling System’ 

Weanling System‘ I 

170 285 I65 365 __ 
285 460 365 730 Pregllant 

I65 270 I65 365 - 

270 390 365 730 Prcgnant 

170 480 165 565 fed to 26-27% 
carcass fat 

480 165 421 fed to 29.30% 
carcass fat 

I70 

‘ All weights reported as empty body weight. 
Includes 260 day stocker period principally on forages and a 140 day feedlot period with a high grain ration. 
Includes a 257 day feeding period. initially at 30 to 50 percent concentrate (125 days). followed by 132 days of a high 
grain ration. 

Source: US. EPA (1993a) 

Annex D D3 

~ 



Animal Type 

Table D-3. Dairy Cow Diet Descriptions 

Initial and Final LactationlDry Milk Rodnetion/ 
Weight Periods Lactation Other 
a)' (days) ark!) - 

D d Y  COWS 550 305/60 5,5707.19Ob Fvegnant 
Beef COWS 450 205/I60 I .a0 Pregnant 
Beef Bulls 650 NA NA NA 

Description 

MEWcavkg) 

Regional Distribution of Diets' 

North Atlantic 33% 

South Atlantic 40% 

Lactating Cow Diets 

Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 Diet 6 

50% alfalfa hay, 60% alfalfa hay, 69% corn silage, 50% alfalfa hay, 40% timothy 
50% corn-SBM' 40% corn- 16% corn meal, 50% barley- hay, 45% corn hay supple- 
concen-trate cotton-seed 14% SBM SBM meal, 15% mented to 

meal concen- concentrate SBM- cane mo- 14.5% CP 
trate (15% CPY lasses concen- 

Early timothy 

trate 

2.61 2.56 2.65 2.57 2.69 2.41 

33% 

Description 

MEWcavkg) 

North Central 50% 50% 

South Central 33% 

Lactating Cow Diets 

Diet 1 Diet 2 Diet 3 Diet 4 Diet 5 Diet 6 

50% alfalfa hay, 60% alfalfa hay, 69% corn silage, 50% alfalfa hay, 40% timothy 
50% corn-SBM' 40% corn- 16% corn meal, 50% barley- hay, 45% corn hay supple- 
concen-trate cotton-seed 14% SBM SBM meal, 15% mented to 

meal concen- concentrate SBM- cane mo- 14.5% CP 
trate (15% CPY lasses concen- 

Early timothy 

trate 

2.61 2.56 2.65 2.57 2.69 2.41 

33% 

30% 30% 

33% 33% 

West 75% 25% 

' SBM =soybean meal 
CP = crude protein 

' Regional distributions show the extent to which each diet is simulated to be used in each region. The percentages for 
each region sum to IO0 percent. 

Source: US. EPA (1993a) 

To derive emission factors for each of the cattle types in each region, the extent to which 
each diet is used in  each region was specified for each cattle type. For example, in the North 
Atlantic region, it was estimated that one third of the mature dairy cows are fed Dairy Cow Diet 
1, one third Dairy Cow Diet 3, and one third Da i~y  Cow Diet 5 (Table D-3). The specification of 
the regional diet mixes was based on comments from cattle experts in different'regions 
throughout the U.S. and on data on regional feed availability. 
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Estimates of methane emissions from enteric fermentation presented in this report and in 
the Inventory of US. Greenhouse Gas Emissions and Sinks: 1990-1993 (US.  EPA 1994b) are 
derived using the methodology developed in EPA 1993a, however emissions estimates discussed 
in this report are based on revised dairy cow emission factors and animal population data. To 
provide a reference point for the updated emissions estimates, a discussion of previous emission 
estimates is provided in Box D-I. 

To update emission estimates for 1990 through 1993, and to calculate 1994 emissions, the 
"national" emissions factors developed in the EPA report were multiplied by the applicable 
"national" animal populations and the resulting emissions by animal type were summed across 
animal types to estimate total annual methane emissions. The above method was adopted for all 
animal types except dairy cows. For dairy cows, regional emissions factors were developed to 
reflect increasing milk production per cow. The regional emissions factors were applied to the 
regional animal populations to estimate total dairy cow emissions. Regional emission factors and 
updated estimates of emissions from dairy cows for 1990 through 1994 are presented in Table D- 
4. 

Unlike the EPA report, the update does not account for regional shifts in animal 
populations (except dairy cows). Dairy cow populations for the 5 regions defined in the EPA 

cows away from North Central and toward the West. Since the publication of US. EPA 1994b, 
USDA has revised all animal population data for 1990 to 1994. The emissions estimates for 
1990 to 1994 presented in Part 4 of this report reflect these revisions. 

report were used to determine total emissions from dairy cows. The data reflects a shift in dairy - 

. 
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Table D-4. Dairy Cow Data and Estimates": By Region and US Total 

Region: U.S. Total 1990 1991 1992 1993 1994 

Milk Prod (IO"6 Ibs): 147.722 147.695 150.884 150.594 153.622 . .~~.. ~ ~ ~ ~ 

Populationi000's): ' 10;007 9;883 9;714 9;679 9;614 
Prodn./Cow (Ibdyr): 14,761 14,945 5,532 15,559 15,979 
ProdnKow (kglday): 18.34 18.57 19.30 9.34 19.86 
Emissions Factor: 114.8 115.7 118.3 118.5 120.4 

Total Emissions(Tg): 1.15 1.14 1.15 1.15 1.16 

Reeion: North Atlantic 1990 1991 1992 1993 1994 

Milk Prod (1W6 Ibs): 5,727 26,060 26,819 26.504 26,410 
Population( 000's): 1.775 1,729 1,716 1.704 1,692 
ProdnKow (Ibdyr): 14,493 15,072 15,630 15,553 15,605 
ProdnKow (kglday): 18.01 18.73 19.42 19.33 19.39 
Emissions Factor: 116.2 118.8 121.3 121.0 121.2 

Total Emissions( Td:  0.206 0.205 0.208 0.206 0.205 - 
Region: South Atlantic 1990 1991 1992 1993 1994 

Milk Prod (1W6 Ibs): 9,705 9,752 9.957 9,826 9,758 
Population (000's): 708 702 682 674 659 
ProdnlCow (Ibdyr): 13,698 13,889 14,599 14,569 14.810 
hodn./Cow (kddav): 7.02 17.26 18.14 18.10 18.40 . - .- 
Emissions Factor: 127.7 128.7 132.3 132.2 133.4 

Total Emissions (Td: 0.090 0.090 0.090 0.089 0.088 
Region: North Central 1990 1991 1992 1993 1994 

Milk Rod (1W6 Ibs): 61,605 60,570 60,722 59.036 57,980 
Population (000's): 4,412 ,284 4.148 4,041 3,913 
ProdnJCow (Ibdyr): 13,964 14.138 14,639 14,610 14.817 
ProdnKow (kglday): 17.35 17.57 18.19 18.16 18.41 
Emissions Factor: 104.8 105.6 107.7 107.6 108.4 

Total Emissions (Td: 0.462 0.452 0.447 0.435 0.424 

Region: South Central 1990 1991 1992 1993 1994 

Milk Prod (IO"6 Ibs): 14.081 13.800 13.945 14.207 14.370 
PopuIation'(ms): ' 1,121 1,101 1,081 1,078 1,082 
ProdnKow (Ibdyr): 12.559 12,537 12,895 13,175 13,285 
Prodn./Cow (kg/day): 15.61 15.58 16.02 16.37 16.51 
Emissions Factor: 116.2 116.1 117.8 119.2 119.8 

Total Emissions (Tg): 0.130 0.128 0.127 0.129 0.130 

Reeion: West 1990 1991 1992 1993 1994 

Milk Prod (1W6 Ibs): 36,604 37,513 39,441 41,021 45.104 
Population (000's): 1,991 2,067 2,087 2.181 2,268 
Prodn./Cow (Ibdyr): 18,385 18,150 18,900 18.805 19,887 
ProdnKow (kglday): 22.85 22.56 23.49 23.37 24.71 
Emissions Factor: 130.5 129.4 132.7 132.3 137.1 

Total Emissions (TQ): 0.260 0.267 0.277 0.289 0.311 

' Dairy milk production data lor 1990-1994 from: USDA Economic Research Service, Dairv Outlook. 
February 27, 1995; Dairy cow population data from NASS data-sets. 
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Table D-5. Regional Estimates of Methane Emissions from Mature  Dairy Cows Statistics 
for the Average Animal Modeled 

Feed c o d  
per year Ors DM) 

year (Meal) 
ME' consumed per 

Diet ME (Meavkg) 

Average feed 
digestibility (%)b 

Methane emissions 
per year (kglcow) 

Milk Production 
per cow per year 
(kg) 

Methane emissions 
per kg of milk 
Llroduced (elke) 

5735 

15.224 

2.65 

68 

116.2 

6574 

17.8 

5460 

13.421 

2.46 

66 

127.7 

6213 

20.56 

N. Central 

5805 

15;012 

2.59 

66 

104.8 

6334 

16.55 

5182 

12.975 

2.50 

64 

116.2 

5696 

20.40 

6032 

15,190 

2.52 

66 

130.5 

8339 

15.65 

Note: Statistics and emissions estimates presented in this table are from US. EF'A 1994b and serve as a 
reference point for updated emissions estimates in this report (See Box D-I). Regional diets are weighted 
averages of the diets shown in Table D-3. 

' ME = metabolizable energy 
Digestibility is reported as simulated digestible energy divided by gross energy intake 

Source: U.S. EPA (1993a) 
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Table D-6. Regional Estimates of Emissions from Dairy Replacement Heifers: 0-12 Months 
Statistics for the Average Animal Modeled 

Diet 1 Diet 2 Diet 3 Diet 4 

75% alfalfa High quality Corn silage 
Diet Description Alfalfa hay hay, 25% grass forage with protein to 

cancen.' (CP=18%)b 14% CP 

1116 Feed conurmed per 
year (kg DM) 

M E  consumed 
(Meal) 

2623 

1080 

2684 

967 

2613 

904 

2432 

Diet ME (MeavLg) 2.35 2.48 2.70 2.69 

Average feed 
digestibility (%)d 

62 65 67 69 

21.4 20.0 20.1 14 Methane emissions 
W e a d l y r )  

Reeional Distribution olDiets (%)' 
Emissions - (kelheadlvr) 

North Atlantic 25% 60% 15% 19.5 

Sonth Atlantic 33% 

North Central 25% 

67% 20.5 

50% 25% 18.9 

South Cenbal 15% 85% 

west 50% 25% 25% 

20.3 

20.7 

Note: Statistics and emissions estimates presented in lhfs table are fmm US. EPA 1994b and serve as a reference 
point for updated emissions estimates in thisrepon (See Box D-I). 

' 
' cp =crude protein 
' ME = metabolizable energy 

Concentrate of cam meal and soybean meal 

Digestibility is reponed as simulated digestible energy divided by gross energy inlake. 
Regional distribution of diets shows the extent to which each of the four diets is used in each region. The 
emissions estimates are the weighted average emissions using these percentages. 

Source: US. EPA (1993a) 
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Table D-7. Regional Estimates of Emissions from Dairy Replacement Heifers: 
12-24 Months Statistics for the Average Animal Modeled 

Diet 1 Diet 2 Diet 3 Diet 4 

75% alfalfa Grass forage Corn silage 

concen.' quality" 14% CP 
Diet Description Alfalfa hay hay, 25% of declining with protein to 

31&1 Feed c o d  per 
year Orp DM) 

3018 3172 2540 

MEc consumed (Mad) 7419 7437 7183 6801 

Diet ME (Mfavkg) 2.33 2.46 2.25 2.68 

Average feed 
digestibility (%)d 

62 64 58 67 

63.0 57.3 61.4 47.9 Methane emissions 
Weadlyr )  

Emissions I 
Ol wh e a dlv r ) Regional Distribution of Diets (%)I 

North AUantic 25% 50% 25% 58.4 

South AUantic 25% 10% 45% 20% 58.7 

North Central 33% 33% 33% 57.4 

South Central 20% 80% 61.7 

W-t 509b 25% 25% 61.2 

Note: Statistics and emissions estimates presented in this table are from US. EPA 1994b and serve as a reference 
point for updated emissions estimates in this report (See Box D-I). 

' Concentrate of corn and cottonseed meal 
High quality grass forage for 100 days (ME2.8 McayLg). Intermediate quality grass forage for 100 days 
(ME2.5 McaVkg). Lower quality grass forage for 165 days (ME2.1 McaVkg). 

ME = metabolizable energy 
Digestibility is reported as simulated digestible energy divided by gross energy intake. 
Regional distribution of diets shows the extent to which cach of the four diets is used in each region. 'Ihe 
emissions estimates are h e  weighted average emissions using these percentages. 

, CP = crude protein 

Source: US. EPA (1993a) 
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Table D-8. Regional Fknates  of Methane Emissions from Beef Cows 
Statistics for the Average Animal Modeled 

Diet 1 Met 2 Diet 3 

Pasture for Pastun Of Pastun with 4 
Diet Description 7 mos; mined varying mos of 

Feed c o d  per 
year (kg DM) 

7370 773 1 7047 MEdconsumed 
(Meal) 

Diet ME (Meavkg) 2.43 2.44 2.61 

63 63 65 Average feed 
digestibility (%)' 

Methane emissions 

hay for 5 mos' qualit9 supplement 

3029 3172 2700 

63.4 71.7 53.7 
OrgmeadJyr) 

Regional Distribution of Me@ (%)' 

I 

North Atlantic 80% 20% 60.5 

South Atlantic 20% 80% 70.0 

North Central 6046 40% 59.5 

South Central 10% 90% 70.9 

West 10% 80% 10% 69.1 I 
Note: Statistics and emissions estimates prcwntcd in this table am from US. EPA 1994b and 

serve as a refenna point for updated emissions estimates in this report (See Box DI). 

Seven months of pasture declining in quality as the seasons progress. Five months of mixed 
hay, grass with some legumes. 
Pasture quality varies with the seasons. 
Pasture with four months of supplementation using a mixed forage (80 percent) and 
concentrate (20 percent) supplement. 
ME = metabolizable energy 
Digestibility is reported as simulated digestible energy divided by gross energy intake. 
Regional distribution of diets shows the extent to which each of the three diets is used in each 
region. The emissions estimates are the weighted average emissions using these percentages. 

' 

' 

Source: US. EPA (1993a) 
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Table D-9. Regional Estimates of Emissions from Beef Replacements: 0-12 Months 
Statistics for the Average Animal Modeled 

Diet 1 met  2 Met 3 

Legume p a s m  Vay high Corn silage 

supplemcnf (18% CP)b 14% CP 
Met Dmip t lon  with quality grass supplemtcd to 

101 1 922 

m c o d  (Meal) 2443 2614 2454 

Diet ME (Meaykg) 2.48 2.58 2.66 

Average feed digestibility 65 68 68 
(%)' 

18.1 . 21.2 15.8 Metbane emisiom 
ll4Pnlcadlvr~ 

Regional DishibutionolMetn (5%)' Emisions 

North AUaotlc 

South Atlantic 

North Central 

South Central 

50% 20% 30% 19.2 

50% 50% 22.1 

33% 33% 33% 20.4 

408 6040 23.6 

West 50% 50% 22.7 

Note: Statistics and emissions estimates presented in this table are from US. EPA 1994b and serve as a 
reference point for updated emissions estimates io this repon (See Box D-1). 

' 

' ME = metabolizable energy ' 
e 

Concentrate = 25 percent of mion 
CP = Crude protein 

Digestibility is reported as simulated digestible energy divided by pass energy intake. 
Regional distribution of diets shows the extent to which each of the three diets is used in each region. 
me emissions estimates arc the weighted average emissions using these percentages. 

Source: U.S. EPA (1993a) 
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Table D-10. Regional Estimates of Emissions from Beef Replacement Heifers: 1224 Months 
Statistics for the Average Animal Modeled 

Diet Description 
Varying Varying 

Varying quality g m s  quality grass 
with winter forage' forage' supplement' supplementd 

quality grass quality grass with winter 

2454 2615 2359 2305 

6356 6524 5990 6Ooo 

2.59 2.49 2.54 2.60 

67 66 66 61 

66.9 71.0 56.5 54.8 
&#ea*) 

Regional Distribution of Diets (%Y Emisions 
~ Wheadtvr) 

North Atlantic 50% 50% 63.8 

South Atlantic 50% 40% 10% 67.5 

North Central 33% 33% 33% 60.8 

south central 80% 20% 

west 33% 33% 33% 

61.1 

64.8 

Note: Statistics and emissions estimates presented in this table are from U.S. EPA 1994b and m e  as a reference 
point for updated emissions estimates in this report (See Box D-I). 

165 days of high quality grass followed by 200 days of intermediate quality grass. 
I20 days of high quality grass followed by 125 days of intermediate quality grass -- grass hay provided for 120 
days during winter 
I20 days of high quality grass followed by 125 days of intermediate quality grass -- medium quality alfalfa with a 
com:soybean meal concentrate (25 percent) provided for 120 days during winter 
I20 days of high quality grass followed by 125 days of intermediate quality grass -- corn silage supplemented to 
14 percent CP provided for I20 days during winter 

Digestibility is reponed as simulated digestible energy divided by gross energy intake. 
Regional distribution of diets shows the extent to which each of the three diets is used in each region. The 
emissions estimates are the weighted average emissions using these percentages. 

' 
e ME = metabolizable energy ' 

Source: U.S. EPA (1993a) 
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Table D-11. Regional Estimates of Emissions from Feedlot Fed Cattle: Yearling System 
Statistics for the Average Animal Modeled 

Diel 1 Diel 2 Diet 3 

Diet Description 

Feed coosumed per year 
(ks DM) 

All diets include forages during the stocker phase 
followed by high grain diets during feed101 feeding' 

2865 2775 2755 

MEb consumed (Mcal) 7588 7383 7366 

Diel ME (Meavkg) 2.65 2.66 2.67 

Average feed digestibility (46)' 67 67 68 

Methane emissions (kgheadlyr) 50.0 54.1 52.9 

hormone implants 90% 90% 90% 
Adjustmen1 for ionophores and 

Methane emissions (kgheadlyr) 45.0 48.7 47.6 

Regional Distribution of Diets (%)' 
EmissiOoS 

. (ke/headlvr) 

North Central 30% 20% 50% 47.0 

Sonth Central 100% 41.6 

Wesl 20% 50% 30% 47.6 

Note: Statistics and emissions estimates presented in this table an from U.S. EPA 1994b and serve as a 
reference point for updated emissions estimates in this repon (See Box D-I). 

' All three diets include a high quality mixed hay (legume and grass) for the first winter (90 days). 'Ihe 
three diets then include: 

Diet 1: mixed pasture (legume and grass) to 425 days of age; 50 percent alfalfa50 percent concentrate for 
40 days; IO percent alfalfa:90 percent concentrate for 100 days. 

Diet 2: grass pasture to 425 days of age; 50 perccnt alfalfa50 perant concentrate for 40 days; 10 
percent alfalfa:90 percent concentrate for 100 days. 

Diet 3: grars pasture to 425 days of age; 70 percent com silage:30 percent concentrate for 40 days; IO 
percent alfalfa:90 percent concentrate for 100 days. 

' ME = mewbolizable energy ' Digestibiliry is reponed as simulated digestible energy divided by gross energy intake. 
Regional distribution of diets shows the extent to which each of the four diets is used in each region. The 
emissions estimates are the weighted average emissions using these percentages. Only the three regions 
with feedlots are shown. 

Source: US. EPA (1993a) 
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Table D-12. Regional Estimates of Emissions from Feedlot Fed Cattle: Weanling System 
Statistics for the Average Animal Modeled 

Diet 1 Diet 2 Diet 3 
~~ 

Diet Description 

Feed consumed per year (kg 
DM) 

All diets include mixed rations with increasing 
amounts of high grain concentrates' 

1935 1763 1742 

MEb consumed (Mcal) 5232 5184 5059 

Diet ME (Mcallkg) 2.70 2.94 2.90 

Average feed digestibility (%Y 68 71 71 

Methane emissions (kgheadyr) 31.2 25.3 25.4 

Adjustment for ionophores and 
hormone implants 85% 85% 85% 

Methane emissions (kgheadyr) 26.5 21.5 21.6 

Reeional Distribution of Diets (%)d - (kemeadlvr) 

North Central 20% 20% 60% 22.6 

South Central 

West 23.5 

50% 50% 

40% 30% 30% 

Note: Statistics and emissions estimates presented in this table are from US. EPA 1994b and serve as a 
reference point for updated emissions estimates in this r e p n  (See Box D-I). 

' m e  following diets were simulated: 

Diet 1: 60 percent alfalfa:40 percent concentrate for 125 days: IO percent alfalfa:90 percent concentrate 
for 132 days. 

Diet 2 50 percent alfalfa:50 percent concentrate for 125 days: IO percent alfalfa:90 percent concentrate 
for 132 days. 

Diet 3: 69 percent corn silage:31 percent concentrate for 125 days: 10 percent alfalfa:90 percent 
concentrate for 132 days. 

' ME = metabolizable energy ' Digestibility is reponed as simulated digestible energy divided by gross energy intake. 
Regional distribution of diets shows the extent to which each of the four diets is used in each region. 'Ihe 
emissions estimates are the weighted average emissions using these percentages. Only the three regions 
with feedlots are shown. 

Source: U S .  EPA (1993a) 

I 
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Table D-13. Methane Emissions From Enteric Fermentation in U.S. Dairy Cattle 

Emissions Factor Population Emissions 
(k%heaNyr) (000 Head) (Tdyr) 

R e g i o d A n i d  Type 

North Atlantic 
Replacements 0-12 months 19.5 712 0.014 
Replacements 12-24 months 58.4 712 0.042 
Mature Cows 117.5 1,795 0.21 1 

Replacements 0-12 months 20.5 268 0.005 
Replacements 12-24 months 58.7 268 0.016 
Mature Cows 126.5 710 0.090 

South Atlantic 

North Central 
Replacements 0-12 months 18.9 I .987 0.038 
Replacements 12-24 months 57.4 1,987 0.114 
Mature Cows 109.4 4.497 0.492 

South Central 
Replacements 0-12 months 20.3 405 0.008 
Replacements 1224 months 61.7 405 0.025 
Mature Cows 114.8 1,156 0.133 

Replacements 0-12 months 20.7 a33 0.017 
Replacements 12-24 months 61.2 833 0.05 I 
Mtlture cows 119.3 1,972 0.235 

Replacements 0-12 months 19.6 4,205 0.082 

West 

National Total 

Replacements 12-24 months 58.8 4,205 0.247 
Mature Cows 114.6 10.130 1.161 

Total 80.4 18,540 1.490 
Note: Statistics and emissions estimates presented in this table are from US. EPA 1994b and Serve as a reference point for 

updated emissions estimates in this repon (See Box D-I). 

Source: U.S. EPA (1993a) 
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Table D-14. Methane Emissions From Enteric Fermentation in US. Beef Cattle 

Emissions Factor Population Emissions 
(kg/hsad/yr) (OOO Head)' (Tdyr) 

RegiodAnimal Type 

North Atlantic 
Replacements 0-12 months 
Replacements 12-24 months 
Mature Cows 

Replacements 0-12 months 
Replacements 12-24 months 
Mature Cows 

South Atlantic 

19.2 
63.8 
61.5 

22.7 
67.5 
70.0 

North Central 
Replacements 0-12 months 20.4 
Replacements 12-24 months 60.8 
Mature Cows 59.5 
Weanling System Steers"eifersb 22.6 
Yearling System Steermeifen 47.0 

South Central 
Replacements 0-12 months 
Replacements 12-24 months 
Mature Cows 
Weanling System SteersRleifers 
Yearling System S t e e d e i f e r s  

Replacements 0-12 months 
Replacements 12-24 months 
Mature Cows 
Weanling System Steers/Heifers 
Yearling System Steeraeifers  

West 

23.6 
67.7 
70.9 
24.0 
41.6 

22.1 
64.8 
69. I 
23.5 
47.6 

87 
87 
337 

594 
594 

3.418 

0.002 
0.006 
0.021 

0.013 
0.040 
0.239 

1.546 0.032 
1,546 0.094 
10,592 0.630 
2,963 0.067 
11.852 0.557 

2,079 
2,079 
12,359 
1.164 
4.656 

1,229 
1.229 
6.772 
1.133 
4.532 

0.049 
0.141 
0.876 
0.028 
0.222 

0.028 
0.080 
0.468 
0.027 
0.216 

Bulls: Nationally 100.0 2.200 0.220 

National Total 
Replacements 0-12 months 
Replacements 12-24 months 
Mature Cows 
Weanling System S t e e d e i f e r s  
Yearling System SteerdHeifen 
Bulls 

Totald 

22.3 5,535 0. I24 
65.0 5.535 0.360 
66.7 33,478 2.234 
23.1 5.260 0.122 
47.3 2 1,040 0.994 
100.0 2,200 0.220 
47.5 85.398' 4.054 

Note: Statistics and emissions estimates presented in this table are from US. EPA 1994b and serve as a reference point foi 
updated emissions estimates in this report (See Box D-I). 

* 
' 
' 

Population for slaughter steers and heifers in each region is the number slaughtered annually. 
The emissions from Yearling and Weanling System steers and heifers are assigned to the regions in which they are 
managed in feedlots. 
The national population is estimated using the average annual population of Yearling and Weanling System cattle: 
38.65 million. See text. 
Total may not add due to rounding. 

Source: U.S. EPA (1993a) 

D-16 H Inventory of US.  Greenhouse Gas Emissions and Sinks: 1990-1994 



METHANE EMISSIONS FROM ANIMAL MANURE MANAGEMENT 

Estimates of 1990 methane emissions from animal manure management were derived using the 
approach of Safley et al. (1992a). This approach is as follows: 

(1) Estimate annual methane emissions for each animal type i and manure system j in each state k: 
TMij, - - N, x TAMi x vsi x B, x MCFjk x WS%, 

Where TM,, - - annual methane emissions for each animal type i and manure 
management system j in each state k 
number of animals of type i in state k 
typical animal mass of animal i 
average annual volatile solids production per unit of animal mass for 
animal i 
maximum methane producing capacity of the manure of animal i 
the methane conversion factor of the manure system j in the state k 
the percent of animal i's manure managed in manure system j in state 
k 

- - Nik 
TAM, - 
vsi - - 

- - - BE 
MCF,, - 
ws%ijk - - 

- 

(2) Estimate total annual methane emissions for animal i by summing annual emissions over all applicable 
manure management systems j and states k. 

(3) Estimate total annual methane emissions from all animals by summing over all animal types i. 

Emissions estimates in this study differ slightly from previous estimates (EPA 1993a. EPA 1994b) 
because of the following: 

. 1990 animal population data used to calculate point estimates of emissions in EPA 1993a 

In the current estimate, data was taken from the USDA National Agricultural Statistics 

were approximated based on 1987 population data and gowth  rates. 

. 
Service (NASS) data sets to calculate 1990 emissions. The population numbers published 
by the NASS differ from those approximated in EPA 1993a. This produced different 
emissions values than those presented in EPA 1994b, which used the emissions data from 
EPA 1993a. The contrasting population numbers are presented in Table D-15. 

The updated population numbers, along with revised MCFs, have also produced new 
emissions estimates for the years 1991 to 1993. 
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Table D-15. 1990 Animal Population Eslhr+: Projected levels VI. Actual levels 

1990 Populations 1990 Populatiors (actual)) 
(1000 head) 

Dairy Cattle 14,335 14,143 

Beef Cattle 89.293 86,065 

Swine 55,299 53,807 

Poultry 1,368,166 1,703,037 

Other 15.444 19,116 

' Source: US. EPA 1993a 
Source: USDA. 1994a,c,d 

Table D-16 presents the annual increases in the national census of beef cattle, swine, and poultry, 
along with the respective emission levels for each for each year of the study. The total population of animals 
in the "other" category decreased over the five year span, without an effect on emissions. 

To estimate methane emissions from manure, twenty types of animals were defined for the US.. and 
data were collected on the populations of each animal type in each state, their typical animal mass, and their 
average annual volatile solids production per unit of animal mass. The cattle populations and weights are equal 
to those used in the previous section of this annex to estimate emissions from enteric fermentation.' 

The maximum amount of methane that can be produced per kilogram of volatile solids, or the 
maximum methane producing capacity of each animal's manure (Bo), varies by animal type and diet. 
Appropriate Bo values were chosen from the scientific literature depending on the typical diet of each animal 
type. For animal types without Bo measurements, the Bo was estimated based on similarities with other animals 
and the experience of the authors of Safley et nl. (1992a). Table D-18 lists the values selected for the analysis. 

The extent to which the maximum methane producing capacity of each animal's manure is realized, 
or the methane conversion factor (MCF), depends upon the management system and climate conditions in 
which the manure is managed. Ten categories of manure management systems were identified for the U.S., 
and based upon estimates in the scientific literature and research sponsored by US. EPA, MCFs for each 
system were identified (Table D-19). The MCF for each management system in each state was calculated by: 

estimating the average monthly temperature in each climate division of each state;5 

estimating the MCF value for each month using the average temperature data and the MCF values 
listed in Table D-19; 

estimating the annual MCF by averaging the monthly division estimates; and 

Tables D-1 and D-2 (in the enteric fermentation section) list weights on an empty body weight basis. These values were 4 

convened to live weight for purposes of estimating emissions from animal manum management. 

The average temperature in each climate division of each slate was calculated for the normal period of 1951 to 1980 using 
the National Climatic Data Center time-bias corrected Historical Climatological Series Divisional Data (NCDC. 1991). 
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estimating the state-wide MCF by weighting the average MCF for each division by the fraction of the 
state's dairy population represented in each divisiom6 

Table D-20 summarizes the resultant MCF estimates by management system for each state. 

Livestock manure management system usage in the U.S. was determined by obtaining information 
from Extension Service personnel in each state. The US. was divided into eleven geographic regions based 
on similarities of climate and livestock production. For states that did not provide information, the regional 
average manure system usage was assumed. The results are summarized in Table D-21. 

j I .  Shifts in Manure management practices in seven states also impact methane emissions. These changes 
are presented in Table D-22. These factors are derived from the change in total weighted MCFs for these 

that system is utilized. From this compilation of state data, national figures were calculated. 
1 states, calculated by multiplying the state MCF factor for a given management system by the degree to which 

..J 
.I,'; 

Information on shifts in manure management, particularly towards lagoon manure management, was 
ascertained based on analyses of the industry trends towards larger confinement facilities, which necessitate 
automated management systems. Discussions with industry experts and facility owners supplemented this 
information. 

' {  

% I  
.. : 

. .  

The dairy populations in each climate division were estimated using the dairy population in each county (Bureau o f  the 
Census. 19x7) and detailed county and climate division maps (NCDC. 1991). Using the dairy population as a weighting factor 
may slightly over or underestimate the MCFs for other livestock populations. 
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airy 
Dairy Cows 
Davy Heifers 
eel 
Feedlor Steers 

Feedlot Heifers 
M o t  coullolher 

NOF B u b  
NOF Calves 
NOF Heifers 
NOF Stars 

NOFCows 

W h C  

B d i n g  p i p  
Marketsc60 Ibs 
Markets W-119 

M8IkClS 
20-1791bs 
Markets 180+ Ibr 

OUltry 

Hens>lyr 
Pullets laying 
Pullets>3 ma. 
hllets < 3  mo. 
Chickens 
Broilers 
Other (Lost) 
Other (Sold) 
Turkeys 
lther 
Ewes > 1 yr 
RYnYWah> l y  
Ewes < I yr 
RamYWeth < I y 
Sheep on Feed 

Goals 
HOISCS 

bUl 

IS 

0.79 
0.62 
0.17 

031 
0.03 
0.02 
0.00 
0.01 
0.02 
0.02 
0.01 
0.10 
1.04 
0.33 
0.09 

0.16 

0.21 
0.24 

0.27 
0.06 
0.06 
0.01 
0.01 
0.00 
0.1 I 
0.00 
0.01 
0.03 

0.06 
0.00 
0.00 
0.00 
0.00 
0.00 
0.03 
0.03 

2.37 

. . .  

Table D-16. Methane Emissions from Manure Management: 1990-1994 

13.767 
9.679 
4.088 

90,321 
8.032 
3.878 
101 

2.146 
24.369 
10.868 
7.464 
33.464 
56,919 
7.212 
18.426 

12.158 

10.323 
8.201 

1,895,851 
131,688 
158,938 
33.833 
47.941 
7.240 

1.338362 
6.992 

39.606 
130,750 
18,021 
7.140 
33 I 

1.349 
348 

1.032 
2.605 
5.215 

1990 
,pulauo, 

(1.000 
head) 

14,143 
10.007 
4.135 

86,065 
7.336 
3.458 

90 
2.103 
23.621 
10.326 
7.287 
31.844 

53,807 
6.883 
18.372 

11.661 

9.367 
7.523 

!,703,037 
119.551 
153.916 
34.222 
38.945 
6.546 

- - 

- 

- 

- 

,172.830 
6.971 

41,672 
128.384 

19,116 
7.961 
369 

I .49 I 
38 I 

1.154 
2.545 
5.215 

- 

- - 

0.75 
0.58 
0.17 

0.20 
0.03 
0.02 
0.00 
0.01 
0.02 
0.02 
0.01 
0.10 
0.95 
0.31 
0.08 

0.15 

0.19 
0.22 

0.26 
0.05 
0.06 
0.01 
0.01 
0.00 
0.10 
0.00 
0.01 
0.03 

0.06 
0.00 
0.00 
0.00 
0.00 
0.00 
0.03 
0.03 
2.21 

13,980 
9.883 
4.097 

87,267 
7.976 
3.841 
102 

2.099 
23.665 
10.356 
7.206 
32.022 

56,535 
7.239 
19.320 

12.348 

9.778 
7.850 

1,767,513 
117.178 
162.943 
34.272 
42.344 
6.857 

1,227.430 
7.278 
39.707 
129.505 

18,864 
7.799 
36 1 
1.464 
373 
1.177 
2.475 
5.215 

0.75 
0.59 
0.16 

0.20 
0.03 
0.02 
0.00 
0.01 
0.02 
0.02 
0.01 
0.10 
0.99 
0.32 
0.09 

0.16 

0.20 
0.23 

0.27 
0.05 
0.06 
0.01 
0.01 
0.00 
0.10 
0.00 
0.01 
0.03 
0.06 
0.00 
0.00 
0.00 
0.00 
0.00 
0.03 
0.03 

2.28 

13,830 
9.714 
4.116 

88,548 
7.617 
3.608 

96 
2. I32 
24.067 
10.728 
7,523 
32.776 

58,553 
7.269 
19.948 

12.823 

10.180 
8,334 

1,832J08 
I21.103 
163.397 
34,710 
45.160 
7.113 

1.280.498 
7.025 

41.538 
131.764 

18,657 
7.556 
350 

1.432 
366 

1.093 
2.645 
5.215 

- 
1993 

nissioor 

gJJ- - 
0.80 
0.63 
0.17 

031 
0.03 
0.02 
0.00 
0.01 
0.02 
0.02 
0.01 
0.1 I 
1.03 
0.32 
0.08 

0.16 

0.22 
0.24 

038 
0.06 
0.06 
0.01 
0.01 
0.00 
0.11 
0.00 
0.01 
0.03 

0.06 
0.00 

0.00 
0.00 
0.00 
0.00 
0.00 
0.03 

2.39 

- 

- 

- 

- 

- - 

1994 i 1994 
'opvlatlon /Emission 

,000hwd): Vg) 
13,686 0.84 
9.614 i 0.66 
4.072 0.17 

92,623 0.22 
8.223 j 0.03 
3.938 I 0.02 
100 i 0.00 

24.145 j 0.02 
10,999 i 0.02 
7 . m  0.01 
34.3% i 0.11 
60,028 1.14 
7.594 i 0.36 
19.525 i 0.09 

13.403 0.18 

10.850 0.24 
8.656 j 0.27 

1,971,404 1 0.29 
134.876 0.06 
163.628 i 0.06 
32.808 I 0.01 
44.875 0.01 
7.319 0.00 

1.403.508 0.12 
12.744 0.00 
40.272 I 0.01 
131.375 i 0.03 
17,552 j 0.04 
6.175 i 0.00 

! 
314 I 0.W 

! 
1.277 I 0.W 

! 
332 i 0.00 

! 
1.044 i 0.00 

! 
2.595 I 0.03 

! 
5.215 0.03 

! 

2.218 ; 0.01 

! 
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Table D-17. US. Animal Populations, Average Sie, and VS Production 

Feedlot Beef Cattle Steedei fers  

Other Beef Cattle calves 

Heifers 

Steers 

COWS 

Bulls 

Total 

Dairy Cattle Heifers 

cows 

Total 

Swine Market 

Breeding 

Total 

Poultry' Layers 

Broilers 

Ducks 
Turkeys 

Other Sheep 

coats 

Donkeys 

10,088,000 

36,040,000 

5.535.m 

2,162,000 

33,478,000 

2.200.000 

79.205.000 

4.205.000 

IO, 130.ooO 
14,335,000 

48,259.000 

7,040.000 
55,299.000 

355,469,000 

95l.9l4.ooO 

7.000.000 
53,783,000 

10.639.000 

2.396.000 

4,000 

415 

180 

360 

360 

500 

720 

410 

610 

46 

181 

1.6 

0.7 

1.4 

3.4 

70 

64 

300 

58 7.2 

58 7.2 

58 7.2 

58 1.2 

58 7.2 

58 7.2 

86 io 

86 IO 

84 8.5 

84 8.5 

64 12 

85 17 

107 18.5 

41 9.1 

40 9.2 

41 9.5 

51 IO 
Horses and Mules 2.405.000 450 51 IO 

' Population data for swine, pouly ,  and sheep from USDA (1989a-0. Goat and hone population data from Bureau of 
Census (1987). Population data for calrle are the same as those used to estimate emissions from enteric f e m t a t i o n  in 
cattle in 1990. Population data as of January 1, 1988 for poultry. and sheep and ai of December I .  1987 for swine. 
goats, and horses. Cattle populations np remt  an average for 1990. 
Broilerlturkey populations estimated yearly b a d  on number of flocks per year ( N o d  1978; Carter 1989). 
Source: Taiganides and Stroshine (1971). 
Source: ASAE (1988). 

Source: U.S. EPA (1993a) 

' 
' 

Annex D D-21 



Table D-18. Maximum Methane Producing Capacie Adopted For US. Estimates 

Maximum Potential 
Emissions @I.) 

Reference 

Cattlrr Beef in Feedlots 0.33 Hashimoto eral. (1981) 

Animal Type, Category 

. .  ~ ~~ 

Beef Not in Feedlots 0.17 Hashimotoeral. (1981) 
Daily 

Swine: Breeder 
Market 

Poultry: Layers 
Broilers 
Turkeys 
Ducks 

Not in Feedlols 
Sheep: In Feedlots 

Goals: 
Horses, Mules, and 

0.24 
0.36 
0.47 
0.34 
0.30 
0.30 
0.32 
0.36 
0.19 
0.17 
0.33 

. .  
Moms (1976) 
Summers & Boustield (1980) 
Chen(1983) 
Hill (1982 & 1984) 
Safley er ol. (1992a) 
Safley er a/. (1992a) 
Safley e? of. (1992a) 
Safley er a/.  (1992a) 
Safley er of. (1992a) 
Safley er of. (1992a) 
Ghosh (1984) 

Source: U.S. EPA (1993a) 

Table D-19. Methane Conversion Factors for U.S. Livestock Manure Systems 

MCFs based on 
laboratory measurement 

Pasture, Range, Paddocks' 

LiquidlSlurry' 
Pit Storage c 30 days' 

Pit Storage > 30 days' 

Drylotb 

Solid Sforage' 

Daily Spread' 

MCF measured by 
long term field monitoring 

Anaerobic Lagoons' 

MCF at 30'C 

2 %  

65 46 

33 % 

65 8 

5 %  

2 %  

1 %  

MCFat 20°C 

1.5 % 

35 46 

18 96 

35 96 

1.5% 

1.5 9% 

0.5 5% 

Average Annual MCF 

90 % 

MCF at 10°C 

1 %  

IO % 

5 %  

IO % 

1 %  

I %  

0.1 % 

MCFs estimated by Safley et 01. Average Annual MCF 

Litter" IO % 

DeeD Pit Stackbed 5 %  

Source: US. EPA (1993a) 

' Hashimoto (1992) 
' Based on Hashimoto (1992). 
' Safley e? ol. (1992a) and Safley and Westerman (1992b) 
e Safley e? o/. (1992a). 

- 
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Table D-20. Methane Conversion Factors for U.S. Livestock Manure Systems 

Alabama 
Arizona 
Arkansas 
California 
Colorado 
Connecticut 
Delaware 
Florida 
Georgia 
Idaho 
Illinois 
Indiana 
Iowa 
Kansas 
Kentudry 
Louisiana 
Maine 
Maryland 
Massachusetts 
Michigan 
Minnesota 
Mississippi 
Missouri 
Montana 
Nebraska 
Nevada 
New Hampshire 
New Jersey 
New Mexico 
New York 
North Carolina 
North Dakota 
Ohio 
Oklahoma 
Oregon 
Pennsylvania 
Rhode lsland 
South Carolina 
South Dakola 
Tennessee 
Texas 
Utah 
Vermont 
Virginia 
Washington 
West Virginia 
Wisconsin 

Pasture, Range Solid Daily Liquid! 
State & Paddocks Drylot Storage Spread Slurry 

1.4% I .9% 1.4% 0.4% 29.0% 
1.4% I .9% 1.4% 0.4% 28.9% 
1.3% 1.8% 1.3% 0.4% 27.6% 
1.2% 
0.9% 
0.9% 
1.2% 
1.5% 
1.4% 
0.8% 
1.1% 
1.0% 
0.9% 
1.1% 
I .2% 
1.4% 
0.8% 
1.1% 
0.9% 
0.8% 
0.8% 
1.4% 
1.1% 
0.7% 
I .O% 
1.2% 
0.8% 
1.0% 
1.2% 
0.9% 
1.3% 
0.7% 
1.0% 
1.4% 
1.1% 
0.9% 
1 .O% 
1.3% 
0.8% 
1.3% 
I .4% 
0.9% 
0.8% 
I .2% 
I .O% 
1.2% 
0.8% 

1.4% 
I .o% 
1 .O% 
I .4% 
2.4% 
1.8% 
0.8% 
1.3% 
1.2% 
1.1% 
1.5% 
1.5% 
2.1% 
0.8% 
1.2% 
1.0% 
0.9% 
0.8% 
1.9% 
1.4% 
0.8% 
1.1% 
1.4% 
0.8% 
1.1% 
1.3% 
0.9% 
1.5% 
0.7% 
1.1% 
1.9% 
1.1% 
I .O% 
1.1% 
1.7% 
0.9% 
1.6% 
2.1% 
1.046 
0.8% 
I .4% 
I .a 
1.3% 
0.8% 

1.2% 
0.9% 
0.9% 
1.2% 
1.5% 
1.4% 
0.8% 
1.1% 
1.0% 
0.9% 
1.1% 
1.2% 
1.4% 
0.8% 
1.1% 
0.9% 
0.8% 
0.8% 
1.4% 
1.1% 
0.7% 
1 .O% 
1.2% 
0.8% 
1 .o% 
1.2% 
0.9% 
1.3% 
0.7% 
1.0% 
I .4% 
1.1% 
0.9% 
1 .O% 
1.3% 
0.8% 
1.3% 
1.4% 
0.9% 
0.8% 
1.2% 
1 .ow 
1.2% 
0.8% 

0.3% 
0.2% 
0.2% 
0.3% 
0.6% 
0.4% 
0.2% 
0.3% 
0.3% 
0.2% 
0.3% 
0.3% 
0.5% 
0.2% 
0.3% 
0.2% 
0.2% 
0.2% 
0.4% 
0.3% 
0.2% 
0.2% 
0.3% 
0.2% 
0.3% 
0.3% 
0.2% 
0.3% 
0.2% 
0.2% 
0.4% 
0.2% 
0.2% 
0.2% 
0.4% 
0.2% 
0.3% 
0.5% 
0.2% 
0.2% 
0.3% 
0.2% 
0.3% 
0.2% 

21.9% 
18.2% 
18.5% 
22.6% 
38.6% 
29.0% 
15.5% 
22.8% 
21.5% 
20.7% 
24.7% 
23.8% 
32.5% 
15.5% 
21.0% 

17.0% 
18.046 
29.3% 
24.1% 
15.8% 
20.8% 
22.1% 
16.3% 
20.6% 
21.3% 

24.5% 
16.8% 
20.2% 
28.7% 
16.2% 
18.7% 
18.7% 
27.3% 
19.1% 
24.8% 
31.7% 
17.4% 
16.6% 
22.5% 
15.5% 
21.4% 
17.0% 

18.1% 

18.1% 

Wvomine 0.8% 0.8% 0.8% 0.2% 15.9% 
mher Svstew: Pit Storage for less than 30 days is assumed to have an MCF qual to 50 percent of the MCF for 
LiquidlSlurry. Pit Storage for more than 30 days is assumed to have an MCF qual to liquidslurry. A n m b i c  lagoons are 
assumed to have an MCF of 90 percent; liner and deep pit stacks an MCF of IO percent. 

Source: US. EPA (1993a) 
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Table D-21. Livestock Manure System Usage for the U.S. 

LiquidlSlurry Solid Pasture, Litter, 
Anaerobic and pit Daily Storage Range& DeepPitStacks 

A l l i d  Lagoom Storage Spread &Drylot Paddock and Other 

Non-Dairy Cattle <1% < I %  0% 10% 89% 0% 

Poultryb 4% 3% 0% 0% < I %  93% 

Swine 29% 44% 0% 20% 0% 1% 

Daily 11% 21% 41% 18% 0% 8% 

Sheep 0% 0% 0% 0% 92% 8% 

Other Animals' 0% 0% 0% 0% 89% 11% I 
Note: Totals may not add due to rounding. 

Includes liquid/slurry storage and pit storage. 
Includes chickens, Nrkeys. and ducks. ' 

Includes goats, horses, mules, and donkeys. 

Source: Safley er ai. (1992a). 

i 

I 
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Table D-22. Methane Conversion Factor Changes from 1990 to 1992 
~~ 

DAIRY Lagoon Liquid Daily Solid Other Weighted Change 
State Slurry Spread Storage MCF'WS Factor 

A2 1990,1991 
1992+ 

MCF 

FL 1990,1991 
1992+ 

MCF 

N v  1990,1991 
1992+ 

MCF 

NC 1990,1991 
1992+ 

MCF 

ND 1990,1991 
1992 

MCF 

TX 1990.1991 
1992+ 

MCF 

SWINE 
State 

TX 1990,1991 
1992+ 

MCF 

UT 1990,1991 
1992+ 

MCF 

10% 
50% 

90.0% 

2% 
30% 

90% 

1% 
40% 

90.0% 

5% 
20% 

90.0% 

0% 
1% 

90.0% 

25% 
25% 

90.0% 

Lagoon 

35% 
45% 

90.0% 

25% 
15% 

90.0% 

0% 
0% 

24.0% 

0% 
0% 

36.9% 

1% 
10% 

13.0% 

35% 
20% 

20.3% 

20% 
190 

10.0% 

60% 
10% 

29.4% 

Dry 
Lot 

20% 
30% 

2.1% 

75% 
25% 

1.0% 

0% 
0% 

0.4% 

10% 
10% 

0.6% 

8% 
0% 

0.3% 

50% 
50% 

0.3% 

10% 
8% 

0.2% 

15% 
15% 

0.5% 

Pit St. 
<I  mnth 

15% 
15% 

14.7% 

0% 
0% 

5.4% 

0% 
0% 

1.4% 

0% 
0% 

1.5% 

90% 
50% 

1.2% 

10% 
10% 

1.3% 

70% 
90% 

0.7% 

0% 
50% 

1.4% 

Pit St. 
>I  mnth 

30% 
10% 

29.4% 

0% 
0% 

90% 
50% 

1.0% 

88% 
60% 

1.0% 

0% 
0% 

0.0% 

0% 
0% 

0.0% 

0% 
0% 

0.0% 

0% 
0% 

0.0% 

Other 

0% 
0% 

20.0% 

0% 
0% 

10.8% 0.0% 

0.0990 
0.46 

0.0274 
0.28 

0.0213 
0.38 

0.1189 
0.22 

0.025 1 
0.02 

0.4022 
0.26 

Weighted 
MCF*WS 

0.43 
0.46 

0.23 
0.68 

4.60 

10.09 

11.16 

1.88 

0.66 

0.65 

Change 
Factor 

1.08 

2.91 
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Point estimates of emissions were calculated using the previously described data. Emissions were 
estimated for each animal type. by summing annual emissions over all applicable manure management systems 
and states. Total annual methane emissions from all animals were estimated by summing over all animal types. 

Uncertainties in the point estimates result from uncertainties in the data used to make these estimates, 
in particular: 

The estimated MCF values for pasture, range, drylots, solid storage, and paddocks are based on dry 
manure. This may underestimate the MCFs for regions with significant rainfall. Because a large 
fraction of animal manure is managed in these systems, total emissions may be underestimated. 

The methane producing potential of liquidslurry and pit storage manure systems may be greater than 
assumed. These systems are widespread, so total emissions may be underestimated. 

The greatest uncertainty results from the MCF assumptions. Therefore, "high" and "low" case 
emission estimates were defined based on varying the MCFs used for the various manure management system 
in the base case: i 

I 
High Case. The MCFs for tiquidslurry, pit storage, litter, and deep pit stacking systems were assumed 
to be double the base case. The MCFs for solid systems (except litter and deep stack pits) were 
assumed to be five times the base case. The MCFs for anaerobic lagoons were the same as the base 
case. 

Low Case. The MCFs for each of the major solid systems (pastudrange, solid storage, and drylots) 
were assumed to be EO percent of the base case. The MCFs for liquid/slurry and pit storage were 
assumed to be 90 percent of the base case. The MCFs for litter and deep pits were assumed to be half 
the base case. The MCFs for anaerobic lagoons, estimated using a lagoon methanogenesis model 
prepared for U.S. EPA', were 40 to 100 percent of the base case. 

I 
I 
1 

These assumptions are summarized in Table D-23. 1 
Table D-23. Base, High, and Low Case Emission Estimate krmmptions 

MCF 
Managemen1 System 

High case Low case 

Pasture, Range, Paddock, Drylot, Daily 
Spread Five Times Base Case 80 percent of Base Case 

LiquidlSlumy, Pit Storage 
Litter, Deep Pits I Two Times Base Case 

Two Times Base Case 
90 percent of Base Case 
50 percent of Base Case 

Model Estimates 40 to 100 percent 
of Base Case Anaerobic Lagoow Same as Base Case 

Source: US. EPA (1993a) 

7 The model estimates methane production based on loading rates. lagoon characteristics. and climate. The model estimates 
are '"conservative" because the model focuxs on the amount of methane that can be recovered r&@i for use as an energy 
source. 
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ANNEX E 
METHANE EMISSIONS FROM LANDFILLS 

Municipal Solid Waste LunnJll Methane Generution 

Municipal solid waste (MSW) landfill methane generation is estimated by the Waste In 
Place - 30 (WIP-30) model developed by U.S. EPA (henceforth known as the EPA model), 
which uses statistical relationships between landfill gas (LFG) recovery rates and landfill waste 
quantities (U.S .  EPA, 1993a). The model coefficients are based on measured methane recovery 
rates at approximately 100 LFG energy recovery projects in the US. ThZtotal waste in place 
was divided into 7 landfill size classes and point estimates of emissions from each landfill size 
class were derived using regression coefficients developed in the model. 

The EPA model assumes that the methane producing lifetime of waste is 30 years. 
Therefore, the estimate of total waste landfilled over the last 30 years is used as the quantity of 
MSW contributing to methane emissions. For example, in 1990, the total MSW contributing to 
methane emissions would be the total MSW landfilled for the period 1961 to 1990. Therefore, 
for 1994, total MSW contributing to methane emissions is the total MSW landfilled for the 
period 1965 to 1994. The amount of MSW landfilled in 1994 is estimated to be 195 million 
tonnes. Using these estimates, the EPA model gives a 30 year waste in place estimate of 4,971 
million tonnes for 1994 (see Table E-1). 

Table E-1. Municipal Solid Waste Contributing to Methane Emissions: 1990-1994 
(Million Tonnes of Waste) 

1990 1991 1992 1993 1994 

Total MSW Generated" 264 255 265 278 290 

Percent of MSW Landfilled' 71% 76% 72% 71% 67% 

Total MSW Landfilled 1 89 I 94 190 197 195 

MSW Contributing.to CH, Emissionsb 4,708 . .4,771. '4,838 4,901 -4,971. 

' Source: Biocycle 1991, 1992,1993,1994, and 1995. 'Ihe data, originally reported in short tons. have been 
converted to metric tons. 
There arc estimates of MSW in place for the past 30 years (U.S. €PA, 1993a). 
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For the purposes of analyzing methane emissions from landfills in the U.S., the 
population of landfills was characterized in terms of size (Le., waste in place) and climate (and 
and non-arid'). 

. Size. The EPA model defined 7 landfill size classes based on the amount of waste 
in place, with class 7 having the largest amount of waste in place, and class 1, the 
smallest. In this analysis, the different landfill classes were grouped as large, 
medium, and small. Classes 5.6 ,  and 7 were grouped as "large" landfills, classes 
3 and 4 represented "medium" landfills, and class 2 was defined as "small" 
landfills. Approximately 3000 Class 1 landfills were excluded from this analysis 
as the quantity of waste in place contained in these landfills were a negligible 
fraction of total waste in place. 

. Climate. The analyses indicate that about 13 percent of the waste in landfills can 
be considered to be in arid climates (U.S. EPA, 1993a). The methane emissions 
estimates reflect that the emissions from waste in arid climates are lower than 
waste in non-arid climates. Moisture can facilitate faster methane generation. 

Industrial Londfill Methane Generation 

Industrial landfills receive waste from factories, processing plants, and other 
manufacturing activities. Since there is no information available on methane generation at 
industrial landfills, the approached used is to assume that industrial methane generation equals 
about 7 percent of municipal landfill methane generation (U.S. EPA, 1993a). 

Methane Recovery 

To estimate LFG recovered per year in the U.S., data on current and planned LFG energy 
recovery projects in the U.S. were obtained from Government Advisory Associates (GAA). The 
GAA database, considered to be the most comprehensive source of information on LFG energy 
recovery in the U.S., contains 1990 and 1992 estimates for LFG energy recovery. The data set 
used in this analysis indicates that 1,200 and 1,440 thousand tonnes of methane were recovered 
nationally by MSW landfills in 1990 and 1992, respectively. In addition, a number of landfills 
are believed to recover and flare methane without energy recovery and were not included in the 
GAA database. To account for the amount methane flared without energy recovery, the estimate 
of gas recovered is increased by 25 percent (U.S. EPA, 1993a). Therefore, net methane recovery 
from landfills is assumed to equal 1,500 thousand tonnes in 1990 and 1,800 thousand tonnes in 
1992. The 1990 estimate of methane recovered is used for 1991 and the 1992 estimate, presented 
in Table E-2, is used for 1992 through 1994. 

I 
A comprehensive census of landfills in the US. does not exist, making the landfill characterization somewhat uncelrain. 

See EPA (1993a) for a description of the landfill population data used in the analysis. 
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Methane Oxidation 

Methane migrating through the top layer of the soil over the landfill can be oxidized by 
micro-organisms. h d f i l l s  that recover methane practically eliminate migration of methane 
through the soil, thereby minimizing the amount of methane that is oxidized. The amount of 
oxidation that occurs is uncertain and depends on the characteristics of the soil and the 
environment. For purposes of this analysis, it is assumed that 10 percent of the methane 
produced is oxidized in the soil. 

Table E-2. Landfill Gas Recovered Per Year: 1992-1994 

' Landfill gas recovered is estimated by aggregating total landfill gas processed for 
operational landfills which utilize gas for energy m o v e l y  (GAA. 1994). 
Convmion of LFG m o v d  from ft'lday to lo' tonncs/yr assumes a methane density 
of 19.2 gift' and a methane concentration of 50%. 
The GAA data used to estimate LFG recovered does not include all landfills in the US. ' 
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ANNEX F 
SULFUR DIOXIDE: EFFECT ON 

RADIATIVE FORCING AND SOURCES OF EMISSIONS 

Sulfur dioxide emitted into the atmosphere through natural and anthropogenic processes 
affects the Earths radiative budget through photochemical transformation into sulfate particles 
that (I) scatter sunlight back to space, thereby reducing the radiation reaching the Earth's surface; 
(ii) possibly increase the number of cloud condensation nuclei, thereby potentially altering the 
physical characteristics of clouds; and (iii) affect atmospheric chemical composition (e.& 
stratospheric ozone, by providing surfaces for heterogeneous chemical processes). As a result of 
these activities, the effect of SO, on radiative forcing may be negative (IPCC, 1992). 
Additionally, since SO, is short-lived, it may make no long-term contribution to radiative forcing 
(IPCC, 1994). Because the effects of SO, are uncertain and potentially opposite from the other 
criteria pollutants, SO, emissions have been presented separately below in Tables F-1 and F-2. 

The major source of SO, emissions in the U.S. is the burning of s.ulfur containing fuels, 
mainly coal.. Metal smelting and other industrial processes also release significant quantities of 
SO,. As a result, the largest contributor to overall U.S. emissions of SO, are electric utilities, 
accounting for about 70 percent in 1994. Coal combustion accounted for approximately 96 
percent of SO, emissions from electric utilities in the same year. The second largest source is 
industrial fuel combustion, which produced about 14 percent of 1994 SO, emissions. Table F-2 
provides SO, emissions disaggregated by fuel source. 

major contributor to the formation of urban smog and acid rain. As a contributor to urban smog, 
high concentrations of SO, can cause significant increases in acute and chronic respiratory 
diseases. In addition, once SO, is emitted, it is chemically transformed in the atmosphere and 
returns to earth as the primary contributor to acid deposition, or acid rain. Acid rain has been 
found to accelerate the decay of building materials and paints, as well as cause the acidification 
of lakes and streams and damage trees. As a result of these hannful effects, the U.S. has 
regulated the emissions of SO, in the Clean Air Act of 1970 and in the amendments of 1990. 
The U.S. EPA has also developed a strategy to control these emissions via four programs: ( I )  the 
National Ambient Air Quality Program, which prptects air quality and public health on the local 
level; (2) New Source Performance Standards, which set 
emission limits for new sources; (3) the New Source ReviewlPrevention of Significant 
Deterioration Program, which protects air quality from deteriorating, especially in clean areas; 
and (4) the Acid Rain Program, which addressees regional environmental problems often 
associated with long-range transport of SO, and other pollutants. 

Sulfur dioxide is important for reasons other than its effect on radiative forcing. It is a 
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Table F-1. Emissions of Sulfur Dioxide: 1990 
(Million Metric Tonnes) 

7 

1991 1992 

18.27 18.03 
14.32 13.99 
2.64 2.72 
0.37 0.38 

Sourn I; 
1993 1994 

17.72 1731 
13.78 13.49 
2.67 2.75 
0.38 0.38 

Fossil Fuel Combustion 
Electric Utilities 
Industrial 
Commercial 
Residential 
Transportation 

Industrial Roeages 
Metals Processing 
Chemical and Allied 
Manufacturing 

Asphalt Manufacturing 
Agriculture. Food. 
Kindred ProducU 

Wood. Pulp. Paper. and 
Publishing 

Mineral Products 

Solvent Use 

Waste Incineration 

Fossil Fuel Production, 

0.17 
0.76 

1330 
0.570 
0.400 

1990 - 
1855 
14.42 
2.82 
0.37 
0.17 
0.76 

1360 
0.600 
0.400 

0.001 
0.002 

0.120 

0.230 

0.001 

0.03 

0.40 - 

0.17 0.17 0.17 
0.77 0.72 0.52 

1360 1390 
0.590 0.610 
0.410 0.410 

Source: U.S. EPA. 1995b 

0.001 
0.002 

0.120 

0.220 

0.001 0.001 0.001 
0.002 0.002 0.002 

0.130 0.130 0.130 

0.240 0.240 0.250 

0.001 

0.03 

039 

1.430 
0.630 
0.410 

0.001 0.001 

0.03 0.03 

0.38 038 

0.001 

0.03 

037 

N& Tu& may nu add lo the sum of lhe individual s m  categories due lo independent mding. 

Table F-2. Emissions of SO, from Fossil Fuel Combustion by Fuel Source: 1990 

Nota: TU& may not add 10 I& sum of the iadepsaduu -roc categories due LO indspcndeni mnding. 
' Residential sector only. 
' orhu fuels include: LPG. wam oil. coke oven gas. cok. and wood fmm smors &I than the residential MOT. 
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ANNEX G 
IPCC REPORTING TABLES 

This annex contains a series of tables which summarize the emissions and activity data 
discussed in the body of this report. These tables conform to guidelines established by the IPCC 
(IPCCIOECDIIEA, 1995; Vol. 1) for consistent international reporting of greenhouse gas 
emissions inventories. The format of these tables does not always correspond directly with the 
calculations discussed the body of the report. In these instances, the data have been reorganized 
to conform to the IPCC tables. As a result, a few slight differences may exist between the figures 
presented in the IPCC tables and those in the body of the report. These differences are merely an 
artifact of the variation in format and total U.S. emissions are unaffected. 
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