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ABSTRACT

Nitrous oxide (N,O) is both a greenhouse gas and a precursor of nitric oxide
(NO), which destroys stratospheric ozone. This study presents a global N,O inventory
based on re-evaluation of previous estimates and additions of previously uninventoried
source categories. The best estimate of anthropogenic N,O is 5.7 'Tg/yr which is still
much lower than natural source emissions. Much uncertainty remains about estimates
for many source categories. Inadequate data are available for some categories; others
are h'mited by a lack of reliable functional models of factors affecting emissions rates.
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1.0 INTRODUCTION

11 Background and Objectives

Nitrous oxide (N,O) levels in the atmosphere are increasing by about 0.2%
per year, (Dahlberg et al,, 1988) and are suspected of having two effects on the
atmosphere. First, as a radiatively-active (i.e., "greenhouse") gas, N,O contributes to
global warming of the atmosphere. Because N,O is a relatively strong absorber of
infrared radiation and is stable in the troposphere for approximately 150 years, a single
‘molecule of N,O has more greenhouse warming potential than 200 molecules of carbon
dioxide (CO,) (Levine, 1992). Second, because of its stability in the troposphere, N,O is .
transported to the stratosphere and is converted to nitric oxide (NO), which subsequently
results in destruction of ozone. N,O is the largest source of stratospheric NO (Ryaﬁ and _

Srivastava, 1988) and it is the fourth most significant greenhouse gas.

Previous studies have a’ftempted to quantify the global N,O budget for the
larger sources. Many of these estimates were based on limited data and fairly broad |
assumptions. The objectives of this study were to re-evaluate previous estimates using
- new data and more refined approaches, and to quantify emissions from some of the
smaller source categories. In addition, country-specific estimates were developed for the .
anthropogenic sources. For a few categories, new data were gathered from industry and f

government contacts.

12 Summary of Data Gathering

_ The information contained in this document is based on original
calculations and analyses of existing data. In addition, individuals recognized as experts |
in various fields were contacted, and the information they provided was used either

directly or to identify literature references not already reviewed.
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Fourteen source categories were identified as potentially substantial
contributors of global N,O. These source categories are presented in Table 1-1, along
with the estimated N,O emissions for each source category. Where possible, a range of ?
emissions is shown in order to provide upper and lower estimates. The tables showing
country-specific emissions for some source categories are presented in Appendix A.
These sources are classified as anthropogenic and natural. As Table 1-1 shows, natural |
sources, at 20.6 teragrams N,O per year (Tg N,O/yr), are by far the largest emitters of
N,O; however, anthropogenic sources are to some extent controllable. For the most |
part, the revised emissions estimates presented in this report are based on a re- |
evaluation of previously published data, but new data were included in a few cases. The
overall result of this re-evaluation has been to reduce the best estimate of the ‘
anthropogenic total from the 8 (5-10) Tg N,O/yr of earlier estimates (Khalil and |
Rasmussen, 1992a) to 5.7 Tg N,O/yr. However, this estimate is still within the range set::
by Khalil and Rasmussen (1992a).

A careful assessment of controlled and uncontrolled sources resulted in
large reductions in the emissions associated with adipic acid :production and mobile
sources. Previous adipic acid estimates had not included the effects of controls on some
large U.S. facilities. New data provided by these facilities show that emissions are now
about 40% lower. Mobile emissions may have been previously overestimated by using
measuremenfs from California automobiles. As discussed in Section 2.5.1, motor
vehicles in California (and in the United States in general) have a greater proportion-of
controlled vehicles, which in some cases emit more N,O than uncontrolled engines.

Thus, the new estimates for this category are also much lower.

Air emissions from many sources are highly skewed, approximating a
lognormal distribution. For two source categories--stationary coal combustion and
fertilizer use--sufficient data were available to allow an evaluation of data after

correction for non-normality. New emission factors and 95% confidence intervals were |
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Table 1-1

Summary of Global N,O Emissions by Source Category®

Anthropogenic Sources
Biomass Burning’ 15 (1.3-1.6)
Aquifer Contamination® 1.1 (0.7-1.5)
Municipal Wastewater 0.7 (0.2-1.2)
Stationary Combustion Sources 0.5 (0.3-0.9)
Livestock (agricultural) 0.5 (0.3-1)
Adipic Acid (Nylon) Production 0.4 (NA)
Fertilizer Use 0.3 (0.1-1.9)
Climatic Feedbacks® 0.3 (0.0-1.0)
Mobile Combustion Sources 0.2 (NA)
Nitric Acid Production 102 (0.07-0.30)
Municipal Waste Combustion 0.012 (0.012-0.013)
Sewage Sludge Incineration 0.005 (NA) -
Total 57
Natural Sources
Soils 17.3 (11.2-21.9)
Oceans’ 3.3 (2244)
Total 20.6

- N @ n

Estimates shown were calculated by the preparers of this report unless

otherwise noted.

Variability or range of estimated emissions is shown in parentheses; in some
cases (shown as NA), available data were not sufficient to estimate a range.

Lack of a range does not imply greater certainty in the estimate.

Andreae, 1991; Cofer et al., 1991.

Ronen et al., 1988.
Khalil and Rasmussen, 1992a.

Houghton et al., 1992; Law and Owens, 1990.
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developed for these categories, and average emissions estimates were also reduced.
Despite this reduction in fuel combustion emission factors, global emissions reported
here are somewhat higher than other publlshed estimates. The reason for this is not
entirely clear, although as discussed in Section 2.5.2, it may be due to the assumed globa.l
distribution of coal-fired boiler types.

N,O emissions from nitric acid production, municipal solid waste (MSW)
combustion, and sewage sludge incinerators are quantified here for the first time. MSW
* combustors and sludge incinerators are both relatively small sources. However, they may

become more important in the future as waste management practices change.

Previous municipal wastewater emissions estimates assumed that municipal .
wastewater systems are universal. In fact, a large population uses other methods of
waste disposal, most of which do not result in conditions conducive to N,O formation.
Thus, the emissions estimates in this report for this source category are lower than

‘previous estimates.

For most source categories, two types of informatioh were needed to
estimate global emissions: emission factors and activity. Emission factors characterize
the amount of N,O that is emitted per unit of activity for a source category. Activity
represents a surrogate for emissions. An emissions estimate is obtained by multiplying
the emission factor by the appropriate activity data. For example, fuel combustion
emission factors are available based on fuel type and boiler type (e.g., coal in wall-ﬁred
boilers). The activity for this source category is tons of fuel combusted by boiler type.

One objective of this report was to provide country-specific estimates.
However, some source categories have only a gross (global) emissions estimate. In
general, this was because either activity data were not available on a country-specific
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basis, or the source category (e.g., N,O from oceans) does not lend itself to country-
specific estimates. | ‘ |

The following subsections detail the information gathered for each source
category. Each subsection describes the source category, the emission factors and activityj
data identified or calculated (if applicable), and the global emissions estimates developed
using these factors.

Sections 2.0 and 3.0 of this report summarize the information-gathering
approach and describe each source category, available emission factors and emission
factor calculations, activity factors, and the global N,O emissions estimate.

Anthropogenic sources are discussed in Section 2.0, natural sources in Section 3.0. It
should be noted that for some source categories only a gross global emissions estimate is
~ provided. In these casés, there is no discussion of emission factors or activity data.
Section 4.0 providés recommendations on how the data presented in this report could be ‘; ‘

improved. Section 5.0 is a comprehensive list of references used for this project.
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20 ANTHROPOGENIC SOURCES

21 Biomass Burning

The combustion of biomass materials occurs during a variety of activities,
including burning of savanna fields to promote the growth of fresh grass, clearing of
~ open forest for agricultural use, and agricultural field burning (Hao et al., 1991;
Andreae, 1991). Each of these combustion practices has been recognized as a significant
contributor of global N,O.

An estimated 23 million square kilometers of savanna areas exist
worldwide, and large-scale burning occurs in about 60% of the humid savannas (Atjay
et dl., 1979). Burning occurs during the dry season, But the biomass in these areas grows
back during the wet season, thus presenting little apparent change from year to year |
(OECD, 1991a). '

Nitrogen is present in plant biomass mostly as amino groups in the amino '
acids of proteins. During combustion, it is released by pyrolytic decomposition of the
organic matter and then partially or completely oxidized to various volatile nitrogen ;
compounds (Andreae, 1991). Although the exact amount of N,O emitted is difficult to 1‘
accurately quantify because 60 to 70% of the nitrogen einissions are in unknown forms :
(Andreae, 1991), several estimates have been published. New emission estimates were
not calculated for this category. -

211 Global Emissions Estimates

~ Recent evidence indicates that the actual burning of biomass materials may
not be the only driving force behind the production of N,O during combustion processes:
N,O may be produced and emitted by physical, chemical, or biochemical reactions that
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are occurring in the soil. These processes seem to be the direct result of the rapid
heating of the soil that is often associated with the combustion of biomass (Cofer et al,
1991).

Current research indicates that the quantity of N,O emitted from a specific
fire is directly related to the nitrogen content of the material being burned (Hao et al, .
' 1991). Global estimates of the amount of N,O emitted from biomass buniing by several
different methods, taking into account the effects of the sampling artifact, are quite
similar (Radke et al,, 1991). Cofer et al. (1991) estimated global N,O emissions of about
1 Tg N/yr (1.6 Tg N,O/yr). Andreae (1991) compiled emission factors from the |
literature as well as the most current data on fuel wood, agricultural burning, and forest |
burning. His estimate of 0.8 Tg N as N,O/yr (1.3 Tg N,O/yr) is probably the lowest
estimate published to date. |

For this inventory, the global total was assumed to fall within the
1.3-1.6 Tg N,O/yr range. This is within the range cited by Khalil and Rasmussen
(19922). 'As the measurement methods for this category have been increasingly

improved, the need for more accurate activity data becomes more urgent.
Country-specific estimates were not prepared for this category.
22 . Waste Disposal and Waste N ement
221 Aquifer Contamination
A current prbblem facing many countries around the world is the
contamination of groundwater. Aquifers are being contaminated by many diverse
sources, including human and animal waste, cultivation practices, and fertilizer

application. Polluting the aquifers increases concentrations of nitrogen in various forms
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in the groundwater. Elevated rates of nitrification produce nitrites (NO,) and nitrates
(NO,); denitrification, in turn, produces additional quantities of N,O. Recent studies

indicate that N,O is produced in large quantities in contaminated groundwater (Ueda
et al.,, 1991; Ronen et al., 1988).

Global Emissions Estimates

The most common contaminant in groundwater is dissolved nitrogen in the
form of NO,. In soil, NO, can be reduced by microbial activity and chemical reaction
through denitrification. Under field soil conditions, N,O and elemental nitrogen are lost
in the largest quantities, with N,O predominating if the soil is not too low in oxygen. |
The exact magnitude of losses depend on the cultural and soil conditions. Where
drainage is restricted and where large applications of fertilizer are made, losses of 20 to
40% of nitrogen applied are possible. In flooded soils such as those used in rice culture,';
60 to 70% of applied nitrogen can be volatilized as oxides of nitrogen (NO,) or }

elemental nitrogen.

A lack of data is the major obstacle facing realistic estimates of N,O from |
contaminated dquifers. Annual emission factors ranging from 0.028 kg N,O/ha for ‘
controlled experiments in which groundwater has been contaminated by nitrate only
(Ueda et al,, 1991) to 12.2 kg N,O/ha for aqﬁifers that have been exposed to multiple
forms of waste (Ronen et al., 1988) have been identified. Ronen et al. (1988) estimated |
0.7 to 1.5 Tg N,O/yr from contaminated aquifers, assuming that 1% of the world’s ‘

- groundwater is contaminated.

More research is needed for this source category to determine
contamination rates, emission rates from contaminated groundwater, and activity factors.
At present, insufficient data are available to develop a country-specific emissions ‘:
estimate. |

239-022\46-02\finalinv.rpt
11-30-94\ed 2-3



222 = Municipal Wastewater

The emission of N,O from waste-related sources has become an
increasingly larger concern in recent global analyses. Little is known about N,0
emissions from municipal wastewater, although some studies have estimated the
contribution of this source category to be on the order of 0.3 to 3 Tg/yr. These
estimates have historically been based on a 1978 study of U.S. rivers (Kaplan et al,,
1978). No other emission factor data have been identified, so the Kaplan study was also

used for this inventory.
Emission Factors

For municipal wastewater, emission factors were developed in the Kaplan
et al. (1978) study for two distinct cases: (1) a fast-moving river with a population of ‘
500,000, and (2) a slow-moving ri\}er with a population of 2,000,000. Emission factors
ranged from 70 to 590 g/person/yr. For estimating purposes, the mid point was used as
a representative emission factor, although many factors could influence emissions, |

including the type of treatment system, outfall conditions, climate, and season.
Activity Data

The emission factors developed from the Kaplan et al. (1978) study were -
based on a per capita value. Therefore, 1990 global population data (Population
Reference Bureau, 1991) were used as the basis for the activity factor. Two adjustments
were made. to the population data. Municipal wastewater treatment facilities are found |
only in urban areas, so the total country population was multiplied by the proportion of
population living in urban areas (Table 17.2, World Resources Institute, 1992) to ‘
estimate the country-specific urban population. However, not all urban populations are ‘f

connected to sewage systems, particularly in developing countries. The urban‘populatioﬁ
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was multiplied by the proportion of urban population receiving sanitation services
(Table 16.4, World Resources Institute, 1992). Unfortunately, "sanitation services"
includes pit toilets and other waste treatment processes unrelated to municipal

wastewater treatment plants.

Rural populations are assumed to have septic systems (in developed
countries or regions), pit toilets, or no sanitation services per se. Because the Kaplan
et al. (1978) study and emission factors apply to U.S. municipal wastewater effluent, they.
cannot be assumed appropriate for other means of waste management or disposal. |
Although some N,O is ljkely to be emitted by other treatment processes, the conditions
for biodegradation are very different. In particular, the waste is deposited in a drier
environment, and oxygen is more likely to be present--neither of which condition is

conducive to N,O formation.

_ Therefore, the activity values used (urban populations receiving sanitary
services) are still likely to be an overestimate of the population served by municipal
wastewater treatment plants, particularly for countries in Asia, Africa, and South
America. The World Resources Institute (1992) source did not include data for all
countries. In the United States, 75% of the population is assumed to be served by
municipal wastewater treatment systems (i.c., the entire urban population). The urban
populations of Canada and Australia also were assumed to have wastewater treatment
facilities. Cuba’s and Haiti’s percent urban populations served were assumed to be equal
to Nicaragua’s. For all other developing countries, a default of 38% of urban
populations with sanitation services was assumed (World Resources Institute, 1992).

Global Emission Estimates

Table A-1(Appendix A) presents N,O emission estimates on a country

basis for this source category. Estimated emissions are 0.7 (0.2-1.2) Tg N,O/yr. .
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Sewage Sludge Incineration

- This source category includes facilities that combust sewage sludge in
various types of incinerators. This source category is not included in any presently
published N,O inventories. However, some recent studies have started to develop
~ emissions data (Yasuda and Takahashi, 1992; Iwasaki et al.,, 1992).

Emission Factors

N,O is formed in sewage sludge incinerators (SSIs) in a process similar to
that in municipal waste combustors (MWCs). Again, emissions tend to be greater in
fluidized-bed combustors. Emissions from SSIs are apparently higher than from MWCs,
probably because of the higher nitrogen content in the fuel and lower combustion
temperatures. Reported emission factors for fluidized-bed SSIs range from 300 to 1530 g
N,O/ton sludge, while emissions from other types are on the order of 400 g/ton (Yasuda
~ and Takahashi, 1992). Approximately 16% of SSIs in the United States are ﬂmdlzed-bed
(U.S. Environmental Protection Agency, 1984). This information was used to develop

the representative emission factor for SSIs of 480 g N,O/ton sludge incinerated. -
Activity Data

Approximately 16% of the 24 million tons (Wet weight) of sewage sludge
generated in the United States each year is incinerated. Activity factors for other
countries could not be located, although it is known that Japan has approximately 1 900
~ SSIs in use (Yasuda and Takahashi, 1992). Japan generated approximately one-fourth as
much sewage sludge as the U. S. in the mid-eighties (United Nations Environmental

Programme, 1991).
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Global Emission Estimates

Based on the data from the United States and Japan, which are the most
active countries in incineration of sewage sludge, this category is not a large contributor
 to the global N,O budget. The U.S. estimated emissions are about 0.0018 Tg N,O/yr. ‘

Assuming that the Japan/U.S. ratio of sewage sludge generated has remained constant,
even if all the sludge were incinerated, Japan’s emissions would be about 0.0029 Tg
'N,O/yr. The United States and Japan combined emit approximately 0.005 Tg N,O/yr.

224 ‘Municipal Waste Combustion

Municipal waste combustion generally refers to the burning of common
household refuse in various types of furnaces [municipal waste combustors (MWCs)].
The primary purpose is waste volume reduction, although many facilities also practice
heat recovery. Although no mention of municipal waste combustion is made in any
currently published N,O budgets, some recent studies (Yasuda and Takahashi, 1992;
Watanabe et al., 1992) have investigated whether these facilities are significant sources of

N,O.

Emission Factors

NO, can be formed two ways in MWCs: from fuel-bound nitrogen, and
from high-temperature conversion of atmospheric nitrogen ("thermal NO,"). Only two
studies on N,O emissions from MWCs were located. (Yasuda and Takahashi, 1992;
Watanabe et al., 1992) As with utility boilers, fluidized-bed units tend to have the
highest emission factors. Emission factors range from 40 to 300 g N,O/ton municipal
solid waste (MSW). More research in this area is needed to be able to quantify
emissions from this source category more accurately, although the source appears to be a.

minor N,O contributor.
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Because of a lack of data on types of incinerators used in eé.ch country, the %
percentages of fluidized-bed incinerators and other types of MWCs used in the United
States were used to develop a weighted average for use as a representative emission
factor (118 g N,O/ton MSW). It is estimated that no more than 8% of U.S. MWCs are
fluidized-bed incinerators (U S. Environmental Protection Agency, 1989)

Activity Data

For this inventory, the amount of MSW incinerated per country was
calculated from the percentage of MSW incinerated and the total MSW generated
annually (Carra and Cossu, 1990; El Rayes and Edwards, 1991; Kaldjian, 1990; Richards,
1989: Scheepera, 1990; and Swartz, 1989). Activity factors for the 17 countries known to

use municipal waste combustion are pr_esented in Table 2-1.
Global Emission Estimates

Using the weighted emission factor developed for the United States and thd
activity factors for the. 17 countries that use MWCs, it is estimated that 0.012 to 0.013 Tg}
N,O/yr are emitted from the incineration of municipal waste. This is very close to the
0.011 Tg N,O estimated for Organization of Economic Co-Operation and Development
(OECD) countries by Watanabe et al. (1992). Totals for each country can be found in |
Table A-2 (Appendix A).
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Table 2-1
Global Activity Factors for Municipal Waste Combustion

Austria ' 52e+05
Canada _ 1.3e+06
Denmark 1.2e+06
Finland 5.0e+04
France ' 1.4e+07
Germany 6.6 +06
Hungary : 4.0e+04
Italy 24e+06
Japan 2.8¢+07
Netherlands ‘ 2.9¢+06
Romania 1.0e +04
Spain 5.0e+05
Sweden 1.4e+06
Liechtenstein 4.6e+06
Former USSR 1.9e+06
United Kingdom . 35e+06
United States 23e+07

23 Agriculture

23.1 Fertilizer Use

With the recent discovery that stationary sources may contribute only a
small fraction of N,O to the atmosphéric budget, recent theories imply that fertilizer use}
is a substantially larger contributor to global N,O emissions than was originally believed.
N,O is produced naturally in soil by both nitrification (the oxidation of ammonia to
nitrate) and denitrification (the reduction of nitrate/nitrite to gaseous nitrogen or an

oxide of nitrogen); denitrification is by far the major pathway. Nitrogen-based fertilizers‘f
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provide an additional nitrogen source for soil microbes and can therefore influence the

amount and rate of N,O production.
Emission Factors

Emission factors for fertilizer application were developed from data
compiled by Eichner (1990) from multiple studies. Only data from controlled studies
were used, and represent the excess N,O produced from fertilized soils over the
background N,O from natural (or unfertilized) conditions. These data have been used as
emission factors for global iﬁventory development (OECD, 1991a).

The percent of fertilizer evolved (as N,O-N) from Table 2, p. 274, of
Eichner (1990) was used as the emission factor with units (g N emitted as N,0)/
(g N applied as fertilizer). This is consistent with the OECD (1991a) approach. |
However, to develop average and range values for each fertilizer type, the data were first}
transformed logarithmically. The mean and 95% confidence interval were calculated for
anhydrous ammonia, ammonium nitrate, calcium nitrate, and urea fertilizers. Data for |
ammonium chloride and ammonium sulfate fertilizers were combined. The back-
transformed values were converted to g N,O/g N by multiplying by the ratio of the
molecular weight of N,O to N, (44/28 = 1.57). Results are shown in Table 2-2.

Activity Data

The activity factors for fertilizer use were taken from a United Nations
global inventory of annual fertilizer consumption per country (FAO, 1988). Some _
countries reported consumption totals for specific types of fertilizers, such as- ammonium
nitrate, while others gave a total amount of nitrogen fertilizers (unspecified) consumed.
Where the type of fertilizer was not specified, a composite emission factor based on |
global consumption was used. Eichner (1990) reported that globally, the fertilizer used 1‘
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Table 2-2

Emission Factors for Fertilizer Use

Ammonium nitrate
Calcium nitrate

Urea 7 0022 0010
. LA"‘”‘“‘.i“m chloride, 17 0023 0014
ammonium sulfate ~ :

- LCL = lower 95% confidence limit
UCL = upper 95% confidence limit

was 9% the combined ainmonium/calcium nitrate type, 23% ammonium nitrate,

35% urea, 12% anhydrous ammonia, and 21% nitrogen. Using the emission factors in
Table 2-2 and these global percentages, a weighted emission factor of 0.0057 (0.0033 -
0.0113) g N,O/g N applied was used to estimate emissions for unspecified nitrogen
fertilizer use.

The United Nations fertilizer inventory includes data for "other nitrogen
types" and "other complex types." The OECD (1991a) emission factors were used for
these two fertilizer groups; however, the datd used as the basis for these factors are ”
likely to be non-normal. If these data were subjected to the same statistical analysis as- |
the other fertilizer data, the mean emission factor value would probably be somewhat :
lower and the range narrowed. The original data used for the OECD factors were not
available. . ‘ .

239-022\46-02\finalinv.rpt . '
11-30-94\ed 2-11



Global Emissions Estimate

_ The global iniréntory of N,O for each type of fertilizer can be found in
Tabl_es A-3 through A-9 (Appendix A). The mean upper and lower 95% confidence
limits values presented in Table 2-2 were used to calculate probable emissions and a
range for each country. A global estimate of 0.1 to 1.9 Tg/yr of N,O (average is
0.3 Tg/yr) is emitted due to fertilizer usage. This wide range reflects the variability of

emissions for this category.

N,O emissions from nitrogen fertilizers are affected by two types of factors: .
natural procesSes and management practices. Natural processes include temperature, | |
soil porosity, microorganisms present, weather effects (including rainfall), pH,- and soil
characteristics. Management practices include fertilizer and crop types, fertilizer |
application methods, residual chemical concentrations, and irrigation and tillage practices
- (OECD, 1991a). The effect of natural processes on N,O fertilizer emissions is not well ‘1
understood; laboratory studies have éttempted to determine the effects of individual
natural processes. The added complex1ty of differing management practices is even less

we].l-k:nown

Fertilizer consumption is increasing annually at a rate of 1.3% for
industrialized countries and-4.1% for developing countries; therefore, this source
category will increase in importance in the future (OECD, 1991a).. More information on
the effects of natural processes and management practices on the emission of N,O from

soils is needed before a more precise estimate can be developed. |
232 Livestock Waste

Agricultural livestock waste methane (CH,) emissions have been

inirestigated to a greater extent than some other waste disposal source categories, but
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N,O studies are still scant. Global estimates for emissions from poultry, cattle, and
swine wastes were estimated based on a presumed ratio of N,O/CH, and using a global
CH, estimate (Saﬂey et al,, 1992).

Global Emission Estimates

Khalil and Rasmussen (1992a) estimate global N,O emissions from cattle
alone as 0.3-0.8 Tg/yr. Their estimate is based on a global estimate of 70 Tg CH,/yr
produced by cattle and a ratio of excess N,O/excess CH, of 0.0028 = 0.0012. Their ratio
comes from field studies conducted in milking sheds and barns after cattle were brought |
in. The production of CH, is an anaerobic procéss, so the potential for N,O production -

exists.

An EPA report on global CH, emissions estimates 28 Tg CH,/yr emissions’
from all animal waste (Safley et al., 1992). This amount, mgmﬁca.ntly less than that used3
by Khalil and Rasmussen (1992a) was based on per country counts-of livestock and CH4
emission factors. CH, emission factors were developed by determining the amount of
waste produced daily per head of cattle, the pounds of volatile solids in the waste; and
the amount of CH, generated per amount of volatile solids. Using the CH, emissions
total from cattle with Khalil and Rasmussen’s ratio, an estimate of 0.043 (0.025-0.061) Tg
N,O/yr is produced by cattle. If the same N,0O/CH, ratio is assumed for poultry and
swine, the total N,O from livestock waste is 0.078 (0.045-0.112) Tg N,O/yr.

This estimate is based on the assumption that a measurement made ina
very special type of microenvironment (an enclosed dairy barn) applies to animal waste
degradation in a wide variety of microclimates. This is not likely to be true, evenin
some anaerobic situations. For example, measurements of emissions from composted

animal wastes produced much lower N,O concentrations (Yasuda and Takahashi, 1992). |
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Furthermore, these authors reported that anaerobic digestion gas produced no N,O,
while N,O was found in aerobic digestion gas. | |

These results may be consistent, given the ecology of the nitrogen cycle.
Under certain pH and temperature conditions, denitriﬁcafion (anaerobic) proceeds
completely to the formation of NO with little or no N,O released (Sprent, 1987).
Furthermore, nitrification (aerobic) may result in emissions of N,O, although in much
lower concentrations than by anaerobic pathways.

As this discussion demonstrates, a wide range of uncertainty exists for this
source category. Further research in the areas of animal waste handling, possible enteric
emissions from cattle, and the relationship between N,O production and CH, production L
could shed more light on the subject. |

24 Industrial Processes

24.1 Adipic Acid (Nylon) Production

Recent investigations into possible chemical production sources of N,O
have led to the conclusion that N,O may be produced during any chemical reaction
where nitrogen is present in a reducing atmosphere (Huckins, 1991). Three primary

“chemical processes that have already been identified as sources of N,O include
production of adipic'acid, nitric acid (HNO;), and dodecanoic acid. HNO, production is |
discussed in Section 2.4.2. Dodecanoic acid is a low-volume chemical for which activity |
data are not available. Because emissions from this process are expected to be

negligible, it is not included in this inventory.

Adipic acid is a precursor chemical that is used to produce nylon-6,6, which

in turn is used to produce various items, including carpet, yarn, home furnishings, and
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ﬁre cord. Ninety percent of the adipic acid produced worldwide is used in the
production of nylon.

Emission Factors

Nylon-6,6 is formed by the reaction of adipic acid with
1,6-hexamethylenediamine. N,O emissions occur during ihe production of adipic acid.
Adipic acid is produced using two different processes, both of which use the process step
that produces N,O (Radian Corporation, 1992). One process produces adipic acid by the
oxidation of cyclohexane in a two-step process: cyclohexane is oxidized with air to form
a cyclohexanone/cyclohexanol mixture (referred to as KA, ketone-alcohol, or ol-one),
and then the KA mixture is oxidized with HNO, in an exothermic reaction to produce
adipic acid. The second production process produces adipic acid by the hydrogenation of -

vphenol to produce cyclohexanol followed by HNO, oxidation. It is the HNO, oxldatlon
step in both of these productlon procedures that generates N,O.

The overall reaction stoichiometry for N,O production is 1 mol N,O/mol
adipic acid generated or 0.3 Ib N,O/Ib adipic acid. Within the United States, two major’
producers of adipic acid (DuPont and Monsanto) currently use N,O abatement
~ technology in their adipic acid facilities, in which N,O is removed with an efficiency of
98 percent (Huckins, 1991). No other adipic acid facilities currently employ N,O |
abatement. For the purposes of this inventory, two emission factors were used. The
uncontrolled factor (0.3 1b N,O/Ib adipic acid) was used for all couiltries except the
United States. A controlled factor based on the weighted production capacities of the
four U.S. plants (0.077 Ib N,O/Ib adipic acid) was used for the United States only. Only
one representative emission factor was developed for each country. A range of emission

factors is not applicable for this source category.
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Activity Data.

Table 2-3 presents the list of adipic acid production facilities and
production capacities used to prepare the glo_bal emissions estimates. Total annual world
production capacity is estimated to be 1,752,660 Mg. | |

Global Emissions Estimates

Table A-10 (Appendix A) presents the estimated global inventory for N,O
emissions from the production of adipic acid, based on the emission and activity factors
presented above. The full production capacity for plants in each country was used to
estimate emissions. The estimated total N,O emissions from this source category is
360,000 Mg /yr.

242 Nitric Acid Production

Another process that'is known to produce N,O as a by-product is the
production of HNO;. HNO, is a high-volume chemical used in the manufacture of
inorganic and organic nitrates and nitro compounds for fertilizers, dye intermediates,

explosives, and many different organic chemicals.
Emission Factors

The common production process for HNOQ, is via oxidation of ammonia by
air or oxygen with a platinum catalyst. N,O is formed during oxidation of ammonia by |

the following reaction:
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~ Table 2-3
Worldwide Adipic Acid Capacities®

North America

Allied-Signal Hopewell, VA - 12,740
E.L duPont de Nemours & Co. | Orange, TX - 163,800
E.I duPont de Nemours & Co. | Victoria, TX 291,200
Monsanto Pensacola, FL. - 263,900
DuPont of Canada Maitland, Ontario 99,190

Subtotal 830,830

Western Europe |
UCB-Ptal SA (Belgium) Oostende, W. Vlaanerden 24,570

Rhéne-Poulenc (France) Chalampe, Haut-Rhin ' 209,300

BASF (Germany) : Ludwigshafen 182,000
Bayer (Germany) Leverkusen 36,400
ICI (United Kingdom) Wilton, Cleveland 273,000
: Subtotal 725,270

Asia -
Asahi Chemical (Japan) Nobeaka - ' 63,700
Kanto Denka Kogya (Japan) Shibukara 9,100
Liaoyang Pet. Fiber (China) Liaoyang ' 50,050
I Others Japan : - _8.190
_ Subtotal 131,040

Other Areas

Rhodia SA (Brazil) Paulinia, Sao Paulo 50,050
Poland State Complexes three sites 15,470
: ' Subtotal 65,520
J_ | Total 1,752,660

*Kirk-Othmer, 1991.
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The N,O formed in this reaction is released from a reactor vent. One producer
estimates that emission factors for two of its facilities range from 4.66 to 18.74 1b |
N,O/ton HNO, produced, based on limited testing of the off;gas streams (Epner, 1991). .
No other N,O emissions data were found during the information gathering for this
project. The mean value (11.7 Ib N,O/ton HNO;) was used as a representative emission
factor for the purposes of this inventory, and the range reported above was used to
bracket the global emissions estimate.

Activity Data

Table 2-4 presents the country-specific list of HNO, production capacities
used to prepare the global emissions estimates. Total annual production capacity is
estimated to be 28,079,000 Mg. In the absence of more precise information, capacity is |
assumed to equal production. In fact, production is typically less than capacity, so the
emissions estimated by this method are likely to be high.

Global Emissions Estimates

Table A-11 (Appendix A) presents the estimated global inventory for N,O 1
~ emissions from the production of HNO,, based on the emission and activity factors ‘
présented above. The full production capacity for each country was used to estimate

- emissions. The estimated total N,O emissions from this source category are 65,000 to
260,000 Mg/yr.
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25 Fossil Fuel Combustion
25.1 Mobile Combustion Sources

N,O emissions from mobile combustion sources have been found to be a
significant contributor to the global N,O atmospheric budget. Nearly all forms of mobile
vehicles have been found to emit at least small amounts of N,O. These sources include
gasoline and diesel pdwered passenger cars, light-duty trucks, heavy-duty trucks, 3
motorcycles, ships, locomotives, farm equipment, construction equipment, and gasoline

powered aircraft.

Two processes have been determined to be responsible for N,O formation -
in automobiles: combustion in the cylinder and catalytic treatment of exhaust gases
(OECD, 1991a). In the first process, N,O is formed by the interaction of combustion
intermediates, NO and NH or NCO in the cylinder to produce N,O, but is counteracted -
by the breakdown of N,O by hydrogen in the engine exhaust (OECD, 1991a). The main
source of N,O within mobile combustors results from the reactions between NO and |
NH,; in the presence of platinum (OECD, 1991a) in the catalytic treatment of the
exhaust gas (maximum 5-10% conversion of NO). This source of N,O is highly
dependent on temperature. When the temperature of the catalyst in light-duty
automobiles is below 360°C, N,O emissions from the catalyst are up to 4.5 times greater |
- than the level that exits the engine. When the catalyst temperature reaches 460°C, the ‘
N,O concentrations entering and leaving the catalyst are about equal. Above this
temperature, the amount of N,O released is reduced (OECD, 1991a).

Recent studies indicate that vehicles containing three-way catalysts emit
relatively large quantities of N,O, whereas uncontrolled sources produce N,O in lesser
concentrations (Linak, 1990). This is due to that period of operation below 460°C, the
cold start-up and warm-up time. The U.S. Federal test program has shown that
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Table 24
Worldwide Nitric Acid Production Capacity?

| Algeria 98,000
|  Australia 204,000
|  Belgium 1,345,000
| Brazil 387,000
|  Bulgaria 977,000
| Canada 1,027,000
| China 274,000
Colombia 35,000
Cuba 245,000
Denmark 43,000
- Egypt 1,000
Finland 518,000
Germany 3,688,000
Greece 490,000
Hungary 884,000
| India 529,000
Italy 1,108,000
Japan 658,000
North Korea 33,000
Mexico 2,000
Poland 2,175,000
Portugal 292,000
Romania 34,000 I
Spain 1,229,000
Sweden 346,000
Turkey - 5,000
United Kingdom 3,145,000
United States 7,574,000
Venezuela 3,000
Yugoslavia 730,000
IIL 28,079,000

#United Nations, 1989,
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advanced three-way catalytic controls have improved N,O control by means of préheating‘

the catalyst.
Emission Factors

_ Vehicle emission factors are often regional or country dependent. For
instance, the existence of U.S. emission standards and inspection and maintenance
programs would suggest that vehicle emissions here are different from many African
countries, which do not have such programs, or from those in Eastern European
countries, which have a sizeable fleet of private vehicles equipped with two-stroke
. petroleum engineé. In Western Europe, catalytic converters have been introduced only
recently. Oxidant control systems have been used for several years. These differences

necessitate the use of different emission factors for different countries.

Emission factors used in several regional studies were considered.
Table 2-4 shows the available studies for each geographical region. Emission factors
used in these studies were compared to emission factors reported in Estimation of
Greenhouse Gas Emissions and Sinks (OECD, 1991a). In this document, emission
factors are disaggregated into the vehicle/fuel/control technology categories shown in
Table 2-6.

The emission factors used in the compiled regional studies were evaluated
and a set of emission factors was selected, using these OECD categories as a standard, ‘
that would be a reasonable representation of the national motor vehicles fleets.
Emissions factors were grouped into four categories, labeled as A, B, C, and D. Class A
represents a fleet of old or uncontrolled vehicles, which may be found in several African
countries. Class B vehicles are non-catalytic controls for gasoline engines; diesel engines
are uncontrolled, réﬂccting vehicle fleets in Asia, Central and South America, and

Eastern Europe. Vehicles in Western Europe are in Class C; these gasoline vehicles are.
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Table 2-5

Mobile Emissions Studies

ERR, Ltd. (1990); ETSU (1991).

Eastern Europe

Pacyna et al. (1991); Veldt (1991).

North America

MOBILEA.1 emission factors used for U._S. State

Implementation Plan inventories.*

Data provided by the Mexico Petroleum Institute
(IMP) and the Mexican Ministry of Commerce and

Development (SECOFI).

South Americé

Data provided by the government of Chile and others.
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'3 Personal communication from J. Mangino, Radian Corporation, to
R. Billings, Radian Corporation, December 1992,

primarily controlled using oxidant systems, and diesel vehicles are moderately controlled.@
Class D includes U.S. passenger vehicle fleet, and assumes that all vehicles produced . :

since 1986 are equipped with catalytic converters.

In the United States, only about 50% of antomobiles were estimated to use;
early three-way catalysts. As noted above, these control technologies produce ‘
significantly higher emissions of N,O. A weighted emission factor for U.S. gasoline
automobiles was used; assuming 50% of the U.S. automobile fleet uses some type of

three-way catalyst and the remainder are Class C, the weighted emission factor is:
U.S. automobile (gas) emission factor = (0.031)(0.5) + (0.063)(0.5) = 0.047

The N,O emission factors for each vehicle type and factor class are shown

in Table 2-7. As noted earlier, advanced three-way catalyst controls do not produce as
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Table 2-6
OECD Vehicle Categories

Automobile Gas Advanced three-way catalyst

‘Automobile Gas Three-way catalyst

Automobile Gas Early three-way catalyst

Automobile Gas Oxidant -

Automobile Gas | Non-catalyst

Automobile Gas Uncontrolled

Automobile Diesel Advanced

Automobile Diesel | Moderate

Automobile Diesel Uncontrolled
Light-duty truck Gas Advanced three-way catalyst
Light-duty truck Gas 'I'hree#way catalyst
Light-duty truck Gas Early three-way catalyst
Light-duty truck Gas | Oxidant |
Light-duty truck | Gas Non-catalyst |
Light-duty truck Gas Uncontrolled

Light-duty truck Diesel | Advanced
Light-duty truck Diesel Moderate
Light-duty truck Diesel | Uncontrolled

Heavy-duty truck Gas - | Three-way catalyst
Heavy-duty truck Gas Non-catalyst
Heavy-duty truck Gas Uncontrolled

Heavy-duty truck - Diesel Advanced
Heavy-duty truck Diesel Moderate
Heavy-duty truck Diesel Uncontrolled

Motorcycle Gas Non-Catalyst
Motorcycle Gas Uncontrolled
239-022\46-02\finalinv.rpt
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Table 2-7

Mobile Source N20 Emission Factors

Heavy-duty diesel trucks
Heavy-duty diesel trucks
Heavy-duty diesel trucks A 0.031
- Light-duty diesel trucks C,D 0.014
Light-duty diesel trucks B 0.017
Light-duty diesel trucks A
Automobiles D
Automobiles C
Automobiles B
Automobiles A
Light-duty gasoline trucks D
Light-duty gasoline trucks B
Light-duty gasoline trucks A
Motorcycles CD
. Motorcycles - B
Motorcycles A

3grams per vehicle kilometer travelled.
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much N,O as earlier catalyst technologies; however, this technology is still relatively new

and was not factored into the calculations.

Emission factor categories were assigned to geographic regions, as shown in
Table 2-7. No studies of Africa and Asia were found. Emission factor categories were

assigned to these regions based on limited, anecdotal information.
Table 2-8

Emission Factor Categories

" North America _ D Oxidant/three-way catalyst | Moderate
Central & South America| B | Non-catalyst Uncontrolled
Western Europe C Oxidant Moderate
Eastern Europe B Non-catalyst Uncontrolled
Asia B - | Non-catalyst Uncontrolled
Africa A Uncontrolled Uncontrolled

Activity Data

For most countries, motor vehicle activity data are based on traffic volume :
data obtained from the International Road Federation (IRF) (1991), the International
" Road Transport Union (IRU) (1990), and the OECD (1991b). The traffic volume data
from these sources were reviewed and adjustments were performed to treat
inconsistencies found in the traffic volume raw data. In addition, data fittings were |
performed to fill in traffic volume data gaps for countries that did not report any of the
required traffic volume data. ‘
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The traffic volume data from the IRF, IRU and OECD reports were
divided into four vehicle classes: cars, buses, goods vehicles (trucks), and motorcycles.
No breakdown was provided of the goods vehicles category, which includes light-duty
gasoline trucks, light-duty diesel trucks, and heavy-duty gasoline and diesel vehicles. |
Data from the IRU were compiled for those countries that reported goods vehicles by
weight class. Review of these data showed that the mix of goods vehicles varied
significantly from country to country. For this rough estimation of emissions, values were

averaged and used to dlsaggregate goods vehicles into light-duty and heavy-duty trucks.

In order to correctly match activity factors with emission factors, the traffic |
volume data were further disaggregated into appropriate vehicle classes as well as into
fuel types (i.e., gas, diesel). For the purposes of this study, all passenger cars and light-

' duty trucks were assumed to be gasoline powered and all buses and heavy-duty trucks

were assumed to be diesel powered.

Traffic volume data were not available for some countries. Radian used
regressions of traffic volume data based on other available data, (e.g., gross domestic
product, kilometers of road) to derive traffic volume estimates. Through these curve-
fitting techniques, Radian was able to fill some of the data gaps. However, the accuracy
of these data fittings needs further evaluation. Appendlx C shows both ongmal and
fitted data.

Global Emission Estimates

The N,O emissions inventories generated for motor vehicles are presented |
at a country level by vehicle types in Table A-12 (Appendix A). The aggregated ‘:
inventory by country (summed over vehicle types) is shown in Table 2-8. This estimate
of 0.2 Tg N,O/yr is lower than the 0.8 Tg N,O/yr given by Khalil and Rasmussen 1
(1992a). Their estimate was based on samples of automobile exhaust in Los Angeles in -
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~ 1988. They assumed a similar mix of vehicles globally in extrapolating from this study to.
the world. However, given that California introduced early three-way catalysts in 1983,
several years before other states, emissions measured in Los Angeles in 1988 were likely
to be better controlled (e.g., higher proportion of three-way catalysts) than any others.
Therefore, the Khalil and Rasmussen estimate is probably an overestimate of global NZQ

emissions.

Table 2-9
Global N20 Emissions from Mobile Sources

Automobiles Gasoline 0165
Light-duty trucks Diesel | ~0.002
|| Light-duty trucks Gasoline 0.028
| Heavy-duty trucks Diesel - 0.021
Motorcycles Gasoline 0.001
L ~ Totl 0217

Although data are missing for some countries, the available data have not
been fully exploited. Further development of algorithms for fitting activity data and a |
more thorough statistical evaluation 'of emissions data could decrease some of the

uncertainty associated with these estimates.

For diesel locomotives, non-road mobile sources such as aircraft, and farm, |
construction, and industrial equipment, less information is available. A recent analysis of
ozome precursor emissions from non-road vehicles in the U.S. found that this source .
category is much niore significant than previously thought (U.S. Environmental
Protection Agency, 1991). Non-road NO, emissions were typically 20-25% of total
mobile NO, emissions in non-attainment areas. However, N,O emission factors are not °
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available for these engines; furthermore, extrapolation from U.S. equipment populations -
0 global populations poses considerable problems. Therefore, emissions for non-road

sources were not calculated.
252 Stationary Combustion Sources

Stationary fuel combustion sources include (1) utility boilers for the
production of electricity (bofh public and autoproducers), (2) industrial boilers and
prdcess Beaters, and (3) residential heating sources. Emissions from stationary
combustors depend mainly on the type of fuel being burned, the combustion practice

being used, and the preSence of NO, control devices.

| The exact mechanisms by which N,O is formed and destroyed are not
entirely known. Several possible mechanisms have been proposed. Measurements
confirm that N,O is present in flue gaé, although not in the magnitude previously
estimated (Linak, 1990). Some NZO .may form in the plume, although very little has
been found in samples near the stack (Khalil and Rasmussen, 1992b).

Emission Factors

Prior to 1988, fossil fuel combustion from stationary boilers was thought to
be a major contributor to anthropogenic N,O emissions. However, Muzio and Kramlich
(1988) reported that significant amounts of N,O were actually being produced as a “
sampling artifact during 'sample storage. In the presence of sulfite, NO,, and moisture,
N,O was being formed in high levels and over relatively brief periods of time. The
discovery of this artifact resulted in the re-evaluation of previously recorded data. -

Recent studies have suggested that traditional stationary combustion
sources may play a relatively minor role in N,O emissions. However, fluidized-bed
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combustors (FBCs) (Nelson et al., 1991) and selective non-catalytic reduction processes
(Muzio et al., 1991) are still found to be significant contributors of N,O. During

- combustion, specific temperatures and pressures determine the amount of N,O that is

created and destroyed throughout the combustion process. At high temperatures, as is

the éase with conventional combustors, or in fuel-rich, two-stage combustors, virtually all |
of the N,O is destroyed. At higher temperatures, NO formation is favored because N,O
destruction is efficient and the precursors to N,O formation are oxidized (Lyon et al., ‘

1989). However, at low temperatures similar to those used with FBCs, significant levels

~of N,O remain after combustion.

Representative emission factors for various fuels and various combustion
practices are presented in Table 2-9. These factors were derived from data compiled
for -

from various source tests (Nelson et al., 1991). Additional sources of émissions d

published since then,

However, the data compiled by Nelson et al. (199'1) are based on a fairly large number

tionary combustion sources of different

of test reports, and probably represent the most complete compilation of emission factors
prepared to date. All of the references used to determine emission factors have been |
published since 1988 and incorporate sampling procedures that ensure that the samp]mg

artifact does not occur.

The coal-fired boilers source measurement data were first transformed
using natural logarithms. An analysis of variance (ANOVA) of the data showed that
fluidized-bed and wall-fired boiler emissions were statistically different from each other
(at'a 95% confidence level), and from all other boiler types (tangentially-fired and
"other"). Therefore, separate emission factors for these two boiler types were calculated;
all other coal-fired boiler types were treated as one type. The data and statistical
analysis are provided in Appendix B. The mean emissions and 95% intervals were
calculated using the logarithmic data and then back-transformed to give the factors
shown in Table 2-10. |
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Tndustrial /Utility

Table 2-10

Emission Factors for Stationary Combustion Sources

Coal Wall fired 4891 ]| 2959 8.078
Tangentially-fired, other 1.357 0.965 1909 |l
Fluidized-bed 57395 44.699 73674 |

0il

1.629

NA

Gas

- 11075 NA

| 3gram per gigajoule (10° Joules)
*Lower 95% confidence limit
‘Upper 95% confidence limit

‘fnsufficien‘t data existed to conduct similar ANOVAs for other fuel types. .
. However, log-transformed data for heavy oil, light oil, natural gas, and peat fuels were

used to calculate emssmn factors.

The resuienﬂal oil and gas emissions data were limited to one Swedish
. testing study (Dahlberg et al., 1988). Because the samples were very small (n=4 for oxL
n=3 for gas), the sample mean was used as an emission factor and confidence intervals
were not calculated. ' |
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Although emissions from stationary combustion sources may be less than .
originally estimated, another theory postulates that N,O may form in the plume of large ‘:
stationary combuétion sources by chemical reactions similar to those that caused the
sampling artifact difficulties (Khalil and Rasmussen, 1992b). Current work in this area
indicates, however, that N,O formation along this pathway is only a minor source of ‘
global N,O (Khalil and Rasmussen, 1992b) Further work is needed to quantify the N,O

produced by this mechanism.
Activity Data

Although much work has been done to develop emission factors for
stationary combustion sources, accurate and complete activity data proved difficult to
compile. The most complete reference for country-specific fuel use data (International
Energy Agency, 1989) provides the data in terms of thousand tons of oil equivalent
(TTOE). These values were converted to joules using a conversion factor of 1 TTOE =
4.184x10" J. Activity data are available for several combustion source categories, |
although the accuracy and comprehensiveness of the data on a country-specific basis may
be lacking. Better activity data for this source category would greatly improve any
emissions estimates, eSpecia]ly given the volume of data compiled concerning emission .
factors.

Global Emissions Estimates

Tables A-13 through A-26 (Appendix A) present the country-specific data
for several subcategories of stationary combustion sources. Estimates are presented for
(1) public service electricity production, (2) autoproducers of electricity, (3) industrial
boilers, (4) process heaters in oil refineries, and (5) residential heating. The source |
categories presented are entirely a function of the availability of activity data. Estimates

are broken down by fuel type for each category. Most available emissions data are for
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large utility boilers; few emissions data are available for smaller combustion sources.
Therefore, the emission factors shown in Table 2-10 were used to estimate emissions for
all utility and industrial fuel combustion. For coal-fired boilers, a global distribution of
75% wall-fired, 5% FBC, and 20% "other” was assumed. This assumption was based on .
the fact that wall-fired technology is one of the oldest, while FBC is relatively new. |

Thus, the composite coal-fired emission factor is:

Average
- g N,O/GJ
from coal-fired
boilers

(75)(4.981) + (:2)(1357) + (.05)(57.395)

6.81 g N,O/GJ

The lower and upper limit emissioﬁ factors were calculated similarly to give
a range of 4.7 - 10.1 g N,O/GJ. The results presented in Appendix A show that |
stationary combustion sources may contribute 0.5 (0.3 - 0.9) Tg N;O/yr to global
emissions. As Table 2-11 demonstrates, coal-fired utility boilers are the largest sources
of N,O emissions, with industrial coal-fired boilers the second largest source. These
estimates are hlgher than recent publications have stated. Khalil and Rasmussen (1992b)
surmised that direct power plant emissions were "probably less than 0. 05 Tg/yr." The
Houghton et al. (1992) estimates of 0.1-0.3 Tg N/yr (0.16 - 0.47 Tg N,O/yr), however,
are in closer agreement with the estimates in this report. Differences in these three
estlmates may be due to the assumed 5% FBCs. If, for example, all boilers were
assumed to be wall-fired, the global estimate would drop to less than 0 4 Tg N,O/yr.
~ Also, the emission factors used by Houghton et al. (1992) were based on a very lm:uted

data set. The factors in this report represent a much larger and more recent sample.

Khalil and Rasmussen’s (1992b) estimate is considerably lower than other
estimates. Since the methodology they use is very different from the Houghton et al. |
(1992) approach (and the one used for this report), it is difficult to evaluate the reasons

for the difference. However, their factor is based on limited samples of emissions; and

as shown here, considerable variability exists in emissions from coal-fired boilers.
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Table 2-11

Estimated Global N2O Emissions from Fuel Combustion
by Sector, Fuel Type

Utility
Industrial

Refineries and Autoproducers of 001
Electricity

|| Residential -

2.6 Climatic Feedbacks

| Some researchers (Khalil and Rasmussen, 1989) suggest that as
temperatures rise because of global warming conditions, microbial act1v1ty increases,
which may lead to elevated emissions of N,O. Certain areas, including wetland and
permafrost regions, appear to be more susceptible to temperature-induced feedback.
The extent to which they are susceptible is unknown. Permafrost areas are known,

however, to be rich in concentrations of N,O.
26.1 Global Emission Estimates

Gross emissions estimates for climatic feedbacks have been determined by
identifying the relationship between global Warming and natural N,O and CH, emissions ?j
from ice core data obtained from the "Little Ice Age" (A.D. 1450-1850) by Khalil and ”
Rasmussen (1989). Analysis of the data showed decreases in atmospheric concentrations:
of these two gases during that time, which supports the idea that N,O emissions from ”

natural sources are temperature-dependent. Conclusions from this study indicate that
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over the past century, global warming may have contributed approximately
0.3 Tg N,O/yr to the global N,O budget.
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30 NATURAL SOURCES

31 Biological/Geological

3.11 Soils

N,O production in soils has been identified as possibly the largest source in
the global budget, contributing as much as 80% of total atmospheric emissions by some “
estimates (Khalil and Rasmussen, 1992a). The formation of N,O within soils is primarily
the result of denitriﬁcation, the reduction of nitrate by soil microorganisms (Mosier
et é.l., 1982), but nitrification is also a small source of N,O. Recent studies indicate that
the amount of N,O that is generated is largely dependent on the soil’s nutrient level and _
moisture content (Sanhueza et al., 1990). The prevalence of these conditions in tropical -
forests has led to the conclusion that N,O fluxes from tropical regions are far greater “
than for other terrestrial ecosystems (Sanhueza et al., 1990; Matson th al,, 1990). This
conclusion is supported by comparison of measured N,O flux rates from different

ecosystems, as is demonstrated in the next section.
Emission Factors

_ The 11 soil orders are easily delineated on a global basis. However,
climate, biotic activity, parent material, and topography influence soil development to
such a significant degree that thousands of soil series exist in the United States alone to |
further classify soils. Global soil physical, chemical, and biological properties do exist, |
but very little information was found rélating soil emissions in terms of soil .
classifications. Instead, N,O emissions were related to vegetative cover or ecosystems

and not directly to soil type.
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Global soil N,O flux measurements were compiled from various sources
(Bowden et al.,, 1990; Campbell et al., 1990; Matson et al., 1990; Sanhueza et al., 1990). f
The data were grouped into one of six ecosystein classifications: tropical forest, savanna,
temperate coniferous forest, temperate deciduous forest, grassland, and sclerophyllous - |
woodland. It was not always possible to obtain the complete data set or accurately
determine the sample size from the reference. Therefore, the values were treated as
individual data points and used to calculate the mean and 95% confidence intervals
shown in Table 3-0. The complete data set used is provided in Appéndix D.

Table 3-1

Soil Emission Factors Classified by Ecosystem

Tropical forest

Savanna 0.2823 0.2584 0.3062

Temperate forest (coniferous) 0.1572 0.1539 0.1598

Temperate forest (deciduous) | 0.0630 0.0273 0.0986

Grassland =~ . 0.1683 0.0939 0.2427 ‘
“ Sclerophyllous woodland 0.2751 NA® NA |

*Not applicable '

These emission factors are not as good as those calculated for fuel
combustion for several reasons. The soil emissions are probably skewed (as were
combustion emissions) and therefore need to be transformed. However, this was not
feasible without the original complete data set. Aléo, treating all values as a data point
gives the same weight to single measurements as it does to averages of several ‘
measurements. At this time, however, these are the best factors that could be developed
based on the available data. |
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Activity Data

Activity for this source category is square kilometers of land by ecosystem
type for each country. A gridded 1° x 1° global land classification data base (Matthews, -
1983) was used. Grid cells and their vegetation types were assigned to countries. Some
error occurs at the country-level because grids that overlapped country boundaries were -
not divided between countries, but were assigned to one country. However, on a
regional scale, the ecosystem allocation should be fairly accurate. Although Matthews’
database does provide information on the percent of each ecosystem under cultivation,

" no attempt was made to account for this activity.

Because the emission factors for this category are based on undisturbed
soils, the use of these data may overestimate emissions for this source category.
However, the fertilizer emissions (described in Section 2;3.1) represent N,O emissions
from fertilizer use only; the background contribution from soils has been subtracted from
the emission factors. Therefore, neglecting the cultivation component in this soils source
category does not result in duplication of emissions. However, soil disturbance for |
agriculture, forestry, or urbanization does alter the soil écosystem, thereby changing the
emission of gases. Khalil and Rasmussen (1992a) have estimated emissions of 0.7 Tg

N,O/yr from land use change.
Global Emission Estimates

Estimates of N,O emissions are presented for this source category in
Table 3-2. Estimated emissions are 17.3 (11.2-21.9) Tg N,O/yr. These emissions are
somewhat higher than previously published estimates, although comparisons are difficult !
because of differences in category definitions. Houghton et al. (1992), for example, give
an estimate of 2.2-3.7 Tg N/yr (3.5-5.8 Tg N,0O/yr) from "wet forests," which is probably
a subset of the "tropical forest" group defined here. The estimate given in Table 3-2 of :
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Table 3-2
Soil N,O Emissions by Ecosystem

Tropical forest - 173 7.25 3.26 11.20

Savanna 23.3 6.58 6.02 7.13

Temperate forest (coniferous) 14.8 1.16 1.14 1.18

Temperate forest (deciduous) 21.7 0.68 - 0.30 1.07

Grassland 10.2 0.86 0.50 1.24
|| Sclerophyllous woodland . 29 1 0.79 | -

3.3 to 11.2 Tg N,O/yr is higher, but because it includes a larger area of ecosystem, is not.
necessarily inconsistent with the Houghton et al. estimates. Khalil and Rasmussen
(1992a) estimated N,O emissions of 12 Tg N,O/yr for this category, which is near the
lowest value estimated in this study.

312 Oceans

Oceans release very large quantities of N,O through the processes of -
nitrification and denitrification (Yoshida et al., 1989). Studies have found that N,0O
concentrations are not only elevated in surface waters, but also in oxygen-depleted
subsurface waters (Law and Owens, 1990). '
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Global Emissions Estimates

The primary difficulty in determining a gross emissions estimate from this
source category is the fact that Nzo fluxes from oceans display strong spatial
heterogeneity (Law and Owens, 1990). Despite this hindrance, reported approximations .
for total marine flux tend to be in the range between 2.2 and 4.4 Tg N,O/yr (Houghton :‘
et al., 1992; Khalil and Rasmussen, 1992a; Law and Oweans, 1990). If, in fact, there are |
large differences in N,O emissions between various oceanic locations, then further

research must be conducted in order to determine region-specific emission factors.

32 Atmospheric Formation
321 Lightning

N,O may be created in the atmosphere through a variety of mechanisms,
including lightning, heterogenedus reaction, and homogeneous chemistry reactions
(Adema et al., 1990). Despite the fact that the atmospheric formation of N,O is a
potentially large source of atmospheric N,O, there is not enough current information -
available to quanti'fy the majority of the processes that are occurring. However, at the
present time, sufficient work has been performed in the field of N,O formation from
lightning so that relatively accurate estimates can be made. In atmospheric regions 3
where sulfur dioxide, NO,, and water vapor exist, there is the possibility that N,O may be
formed through the same pathway that was observed for the sampling artifact that was

encountered in both the stationary combustion tests and the biomass burning tests.
Global Emission Estimates

Atmospheric measurements, laboratory experiments, and theoretical

calculations were employed in order to develop emissions estimates for the production of -
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N,O from lightning. The gross emissions estimate for lightning is based on certain key
assumptions concerning energy per discharge, number of flashes per second, and specific
seasonal variations. Typical estimates range from 36 to 720 Mg N,O/year (as cited in ‘:
Campbell et al., 1990). Because most lightning occurs in jumps from cloud to cloud, the
NéO formed is dispersed in the middle and upper levels of the troposphere. |
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4.0 CONCIUSIONS AND RECOMMENDATIONS

As shown in Table 1-1, the largest anthropogenic source of N,O appeats to
be biomass burning which accounts for about 27% of global N,O emissions. No one “
source category dominates the inventory. However, given the uncertainty of the
estimates for all categories except nylon and nitric acid production, the relative
importance of these source categories is difficult to specify. The estimates for aquifer
contamination and municipal wastewater in particular are based on very limited data.

Recommendations for improving the inventory are presented below on a

source category basis.

4.1 Biomass Bmg

This source category has been the focus of much research effort in recent
years, as summarized in the volume by Levine (1992). A country-specific inventory could,
be developed by aHocating emissions proportionally to the land area covered by forests
and savannas. If data on percent of land area burned annually are available, country-

level emissions could be refined even more.
42 Waste Disposal and ement
42.1 Aquifer Contamination

This source category has been identified by recent studies as a possibly
enormous contributor to atmospheric N,O, although little information is available to
date. More field measurements are needed to obtain better emission factors and activity
data. Current estimates are based on the assumption that only 1% of the world’s |
aquifers are contaminated. A change in this assumption will directly affect the emissions
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estimates; 2% doubles the estimate, 0.5% halves it. Furthermore, the emission factors -

span several orders of magnitude and depend on the number of pollution sources.

It is unlikely that emission factors for this category can be improved w1thout
further field measurements. However, further research into aquifer contamination,
including source of pollutants, geographic location of polluted aquifers, and extent of the
problem could lead to improvements in country-specific activity data.

422 Municipal Wastewater

Much work is needed to improve estimates in this category. Current
emission factors are based on one study; furthermore, the study did not include any
direct measurements of N,O from wastewater treatment. Several areas of research were
identified, |

A better activity data set ‘could improve the quality of the emissions _
estimate. As was shown in this report, quantifying the types of wastewater treatment in
use globally, and evaluating the potential for N,O emissions from each, would improve |
the inventory. Several water quality and wastewater treatment models are available that
might be adapted for this purpose. In the United States, sufficient data are available to
conduct sensitivity analyses for emissions from different types of treatment facilities.
Extensive field measurements are also needed. Emissions from wastewater treatment
facilities should be measu:ed,‘as well as emissions from surface waters receiving
wastewater discharges. Measurements of other waste treatment systems (e.g., septic
systems) should also be obtained.

This is potentially a very important category for both N,O and CH,
emissions; in addition to greenhouse gases, wastewater treatment is also a source of
VOCs and toxic air pollutants. It should be a priority research area. Industrial
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wastewater also needs to be considered. Although few industrial wastewater streams
contain as much nitrogen and organic matter as municipal wastewater, other forms of
nitrogen may be present. These nitrogen compounds are subject to nitrification/

denitrification, and may therefore result in N,O emissions.
423 Municipal Waste Combustion/Sewage Sludge Incineration

_ Although little information is available to characterize emissions from these
source catégories, activity is low enough to make them of little concern. As incineration |
of waste/sludge increases, this category could become more important, particularly if

FBC technology becomes more prevalent. A sensitivity analysis would be a useful (and
fairly simple) means of exploring the potential magnitude of this source. ‘

43 Agriculture
43.1 " Fertilizer Use

The estimates produced for this project are fairly close to those presented
in other recent inventories. However, the estimates range over two orders of magnitude
because of the wide range of emission factors reported for some fertilizer types. ‘
Improvements in emissions estimates for this source category could be accomplished if
this variance can be reduced. Further tests of emissions from specific fertilizers may
help reduce the Va.riability. The greatest range, for example, is in the emission factors
(OECD, 1991a) for the "other complex" and "other nitrogen" fertilizer categories.
Because the original data were not published, Radian could not recalculate the emission !

factors; also, the number of data points is unknown.

However, it is unlikely that obtaining more data will of itself significantly
reduce the range of possible emissions. This will be accomplished only by identifying the
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main factors affecting emission rates and developing functional relationships. This, in
turn, will require development of better activity data sets that quantify the key variables. :

432 Livestock Waste

Research has been and is currently being performed to characterize
emissions from animal wastes. Research in this area should be tracked. to identify . |
further emission factor development. The area of greatest need is better data on waste _}j

'treatment' systems. Most emission factor research has focused on lagoons because the ‘
potential for anaerobic activity is greatest with these systems. However, the amdunt of

animal waste treatedvin this manner is not well known.
4.4 Chemical Production (Adipic Acid and Nitric Acid)

Adipic acid and nitric acid sources are fairly well-characterized. As
European air regulations are developed and implemented, controls of these sources may .

increase.

Besides these chemical processes, other chemical production pathways may “
 contribute to the atmospheric N,O concentration. Potential sources that have already “
been identified include urea, ammonia, and N,O production, but further work must- be
performed in these areas to determine whether substantial quantities of N,O are being
emitted during these processes. Further study, including chemical process research and
contacting experts, could be useful in identifying other potential sources of N,O.
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45 Fossil Fuel Combustion
45.1 Mobile Combustion Sources

Mobile combustion sources are in need of further evaluation. Although
some emission factors are available, additional factors would increase confidence in
emissions estimates. Furthermore, emissions are dependent of a variety of factors such f
as vehicle speed, mode of operation, and ambient temperatures. Empirical equations are
available (Eggleston Qf al., 1991) that could be used to further evaluate and refine ‘

emission estimates.

To fully utilize these emission factor models, an activity data set that
incorporates information on vehicle speed, operating mode, and VMT mix is needed.
Much of the data needed are available, but further work is required to fill data gaps.
The initial steps for this work have already been completed for AEERL, under a
separate work assignment. Given the increased use globally of controls for NO,,
including catalytic converters, this is an important category for further study.

452 Stationary Combustion Sources

Emissions data are probably more abundant for this source category than -
for any other. The primary weakness for this source category is the activity data. The
distribution of boiler technology types by country (with particular emphasis on FBCs)
could improve these estimates. For example, a 5% increase in the FBC throughput

- would increase the coal emissions by a factor of 1.4.
The phenomenon of NZO formation in the plume of large utility boilers

may also be an issue, although recent studies indicate that this is a relatively minor '
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source. More measurements at greater distances from the stack are needed to resolve
this issue.

4.6 Climatic Feedbacks

This is clearly an area that warrants further research, but is also one that
will be difficult to verify in the field (except as a long-term ecosystem study). Field
experimentation might be accomplished via chamber studies, but their utility is
questionable. Global modeling is the most likely approach. Ecosystem responses to
temperature are known to some extent and could be used to predict future climate |
change effects. Anthropogenic responses may not have been explored as fully, however.
Some effort should be made to identify ongoing modeling or other research in this area. &

4.7 Natural Sources

The soils emissions estimates developed for this inventory could be easily
allocated to countries. The activity data (ecosystem type) used for soil emjssion
| cstiniates were allocated to countries. However, given the disparity between estimates
reported here and other published estimates, more work is needed to quality assure the
data. Country- or region-specific emissions from the inventory derived in this report

could be compared and, if warranted, adjusted based on more specific inventories.

Similarly, because oceans and lightning are natural (i.e., not anthropogenic) |
'N,O sources, little emphasis should be placed on them, except to update the inventory

whenever new information becomes available.
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APPENDIX A

GLOBAL N,O EMISSIONS
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Table A—12. Global Emissions Inventory for Motor Vehicles

EMISSIONS
COUNTRY (Mg N.O/yr)
Afghanistan ' 6.57
Albania 5.13
Algeria 99.30
Angola _ 10.71
Anguilla 0.07
Antigua & Barbuda _ 0.49
Argentina 150.86| -
Australia 1314.19
Austria 337.14
Bangladesh 35.23
Bahamas 414
Bahrain 714
|| Barbados 267
Belgium 1455.77
Belize : _ 0.41
Benin | | 2.95
Bermuda ' 232
Bhutan 0.51
Bolivia 7.25
Botswana 352
Brazil 595.58
Brunei 435
Bulgaria ‘ 13243
Burkina Faso 3.06
Burma 16.59
Burundi o 208
Cambodia 1.15
Cameroon 28.52
Canada 2656.94
Cape Verde 0.33
Central African Republic | 2.38
Chad : 2,08
Chile _ 99.70
China 460.09
Colombia 203.98
Comoros 0.38
il Congo 3.95
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Table A-12. (Continued)

EMISSIONS
COUNTRY (Mg N,O/yr)
Cote d'Ivoire 18.63
Cuba 27.95
Cyprus 6.52
Czechoslovakia . 159.48
Denmark 944.60
Djibouti 0.80
Dominica 0.21
Dominican Republic 10.47
Ecuador 27.90
Egypt 170.43
El Salvador 8.54
Equatorial Guinea 0.25
Ethiopia 3.1
Falkland Islands 0.10
Fiji 2.17
Finland 984.32
France 10880.80
French Guiana 0.44
French Polynesia 4.74
Gabon 7.92
Gambia 0.38
Germany 11608.48
Ghana 5.31
Greece . 356.69
Greenland 2.30
Grenada 0.25
Guadeloupe 3.42
Guam 220
Guatemala 12.90
Guinea 3.92
Guinea—Bissau 0.30
Guyana 0.63
- [|Haiti 3.65
Honduras 27.51
Hong Kong 70.49
(Hungary 213.18
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Table A—12. (Continued)

EMISSIONS
COUNTRY (Mg N.O/yr)
lceland - ' 32.96
India 464.26
Indonesia 127.52
Iran 361.25
raq 238.57
Ireland 573.42
Israel 219.11
italy 8022.75
Jamaica 5.24
Japan 15804.45
Jordan 66.68
Kenya 15.15
Kiribati 0.04
Kuwait 128.22
Laos 1.21
Lebanon 3.42
Lesotho 0.67
Liberia 0.85
Libya 41.75
Luxembourg 79.66
Macau 3.96
Madagascar 337.46
Malawi 2.27
Malaysia £9.06
Maldives 0.15
Mali 3.47
Malta 11.25
Martinique 4.76
Mauritania 1.55
Mauritius 3.27
Mexico 255.97
Monaco 0.72
Mongolia 2,99
Morocco 34.68
Mozambique 202
Namibia 3.13
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Table A—12. (Continued)

o EMISSIONS
COUNTRY (Mg N,O/yr)
Nauru 0.34
Nepal 4.92
Netherlands 2373.21
Netherlands Antilles 2.92
New Caledonia 253
New Zealand 214.70
"|Nicaragua 5.56
Niger 3.96
Nigeria 38.34
North Korea 31.33
Norway 513.66
Oman 13.79
Pakistan . 72.19
Panama 9.74
Papau New Guinea 5.63
Paraguay 8.31
- |Peru 82.86
Philippines 62.98
Poland 611.72
Portugal 252.51
Puerto Rico 44.65
Qatar 9.46
Reunion 6.22
Romania 214,28
Rwanda 3.83
Sao Tome & Principe 0.07
Saudi Arabia 446.66
Senegal 8.46
Seychelles 0.48
Sierra Leone 3.26
Singapore 122.77
Solomon Islands 0.27
Somalia | 295
South Africa 792.52
Spain 2521.90
Sri Lanka 68.93
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Table A—12. (Continued)

EMISSIONS

COUNTRY (Mg N.O/yr)

St. Kitts—Nevis 0.16
St. Lucia 0.36
St. Vincent 0.24
Sudan 16.85
Suriname 1.96
Swaziland 1.03
Sweden _ 313.62
Switzerland 1057.52
Syria 59.33
Tanzania 6.49
Thailand 456.12
Togo 6.99
Tonga 0.17
Trinidad & Tobago 8.44
Tunisia 195.38
Turkey 253.90
Uganda 4.51
United Arab Emirates 42.35
United Kingdom 8881.44
Uruguay 13.75
USA 130630.66
USSR (Former) 4506.06
Vanuatu 0.22
Venezuela 90.85
Vietnam 12.98
Virgin Islands UK 1.27
Western Sahara 0.22
Yemen 84.81
Yugoslavia 287.68
Zaire 3.65
Zambia - 3.49
Zimbabwe 11.00

215674.95

TOTAL
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APPENDIX B

STATISTICAL ANALYSIS OF FUEL COMBUSTION EMISSIONS DATA

The data set used to develop the stationary fuel combustion emission factors 1s
presented in this appendix. The data set is followed by the results of the pairwise
comparison of coal-fired boilers classified (variable name COM_RUN) as follows:

- 1= wallfired |
2 = tangentially-fired
3 = fluidized bed
4 = other

e = not included in analysis

For each comparison, if Prob> |Z| < = 0.05 the two sets of emission factors were
treated as different populations. The only comparison which failed this test was that
between 2 and 4 (tangentially-fired and other). These two sets of data were combined to
develop an emission factor, while separate emission factors were developed for wa]l—fired
and fluidized bed. A plot of the data is provided which further illustrates the differences

in the data sets.

The units of the original data were N,O concentration in ppin dry at 3% O,. Thesé,
were converted to 1b/MMBtu according to the procedures given in pages 1005-1007 of CFR
Part 60, Appendix A. To obtain Ibs/MMBtu, the emissions (in ppm) were first muitiplied
by 1.141 x 107 (Ib/scf)/ppm. Then these values were converted to Ib/MMBtu using thé

following formula:

E-CF, |__209
209 - %0,

C, = N,O concentration (Ib/scf);

_ 239-022\46-02\appendix.b
11-30-M\ed : B-1



Fd
%0,

F-factor for O,; and
Oxygen concentration (3% in this case).

The final step was conversion to g/GJ using 11b = 453.6 gram, and 1Btu =
1,054.4 joules.

The F-factors used in the conversions are provided below:

Fuel - dry scf/MMBtu
Bituminous Coal 9,780
Oil ' 9,190
Natural Gas | 8,710
Wood 9,240
Wood Bark 9,600

The wood bark F-factor was used for peat.

239-022\46-02 dixb
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FUEL

Coal-fired
Coal-fired
Coal-fired
Coal-fired
Coal-fired -
Coal-fired
Coal-fired
Coal-fired
Coal-fired
Coal=-fired
Coal-fired
Coal-fired
Coal-fired
Coal-fired
Coal-fired
Coal-fired
Coal-fired
Coal-fired
Coal-fired
Coal-fired
Coal-fired
Coal-fired
Coal-fired
Coal-fired

BOILER

vall-fired
Corner-fired

SAS

coMBus

Low NOdx burners
Low NOdx burners

Brown coal (Fluidized bed)

Stoker

Wall-fired
wall-fired
Vall-fired
Wall-fired
Wall-fired
Wall-fired
Wall-fired
Wall-fired
Wall-fired
Wall-fired
Wall-fired
Wall-fired
Wall-fired
Tangentially-fired
Tangentially-fired
Tangentially-fired
Tangentially-fired
Tangentially-fired
Tangentially-fired
Tangentially-fired

CONTENT

16
2.3000000000
1
20
11
2

6
13
9
11

4.5000000000
10
0.5

13:37 Friday, May 14, 1893 1

WATER

NDIR}
GC

$$ / glass bombs (Condenser)
PE-1lined bags (Silica gel)
On-1ine

On-line

On-line

NDIR1

NDIRZ

Continuous IR on-line
Continuous IR on-line
Continuous IR on-line -
PVC bag (Condenser)

PVC bag (Condenser)
PE-1ined bags

PE-Tined bags

PE-1ined bags (Silica gel)

On-line
On-line
On-line
On-line
GC

- NDIR1

Continuous
Cl COM_RUN

16.0
2.3
1.0

20.0

11.0

2.0
6.0

13.0
8.0

11.0
6.0
2.0

32.0

26.0

11.0
3.0

27.0
2.0
1.0
1.0
1.0
4.5

10.0
0.5
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SAS 13:37 Friday, May 14,1993 2

0BS  FUEL  COMBUS - . WATER

25 Coal-fired Tangentially-fired Cont inuous

26 Coal-fired Tangentially-fired - Grab sample with NaOH added
27 . Coal-fired Tangentially-fired Grab sample with NaOH added
28 Coal-fired Tangentially-fired Continuous IR on-line

29 Coal-fired Tangentially-fired Continuous IR on-line

30 Coal-fired Tangentially-fired Continuous IR on-line

31 Coal=-fired Tangentially-fired Continuous IR on-line

32 Coal-fired Tangentially-fired PVC bag on-line (Condenser)
kX Coal-fired Tangentially-fired PVC bag on-line (Condenser)
34  Coal-fired Tangentia)ly-fired " On=line (Condenser) -

35 Coal-fired Tangentially-fired On-1ine (Condenser)

‘36 Coal-fired Tangentially-fired On-line (Condenser)

37 Coal-fired Tangentially-fired On-line (Condenser)

38 Coal-fired Tangentially-fired Glass bomb

39 Coal-fired Tangentially-fired Glass bomb (Hd20/50d2 removed)
40 Coal-fired Fluidized bed PE-1ined bags (Silica gel)
4] Coal-fired Fluidized bed . PE-lined bags (Si]\ca gel)
42 Coal-fired Fluidized bed PE-lined bags (Silica gel)
43 Coal-fired Fluidized bed PE-lined bags (S1lica gel)
44 Coal-fired Fluidized bed : PE-1ined bags (Silica gel)
45 Coal-fired Fluidized bed PE-lined bags (Silica gel)
46 Coal-fired Fluidized bed PE-1ined bags (Silica gel) ‘
47 Coal-fired Fluidized bed PE-1ined bags (Silica gel) ‘
48 Coal-fired Fluidized bed : PE-lined bags (Silica gel) ‘ ‘
08s BOILER CONTENT Cl COM_RUN

25 0.5 0.50 2

26 1 1.00 2

27 - 1 1.00 2

28 1 1.00 2

29 1 1.00 2

30 0.5 0.50 2

31 0.5 0.50 2

.32 2.4000000000 2.40 2

33 4.6000000000 4.60 2

34 5.1000000000 5.10 2

35 2.1000000000 2.10 2

36 3.3000000000 3.30 2

37 2.5000000000 2.50 2

38 130 130.00 2

3s 3 ) 3.00 2

40  Circulating 96 96.00 3

41  Circulating 80 80.00 3

42 Bubbling ‘ 23 ‘ 23.00 3

43 Bubbling 137 137.00 3

44 Circulating 126 126.00 3

45 Circulating a8 88.00 3

46 Circulating 106 106.00 3

47 Circulating 79 79.00 3

48 Circulating 165 ’ 165.00 3

B-4




SAS

}3:37 Friday, May 14, 1993 3

0BS FUEL CoMBUS WATER

49 Coal-fired Fluidized bed 55 / glass bombs (Condenser)

50 Coal-fired Fluidized bed SS / glass bombs (Condenser)

51 Coal-fired Fluidized bed 88 / glass bombs (Condenser)
-7 Coal-fired Fluidized bed S5 / glass bombs (Condenser)

53  Coal-fired Fluidized bed §S / glass bombs (Condenser)

54  Coal-fired Fluidized bed On-line IR

55 Coal-fired Other On-line

56 Coal-fired Other On-1ine

57 Coal-fired Other On-line

58 Coal-fired Other On-line

58  Coal-fired . Other On-line (Condenser)

60 Coal-fired Other Glass bomb (Condenser)

61 Coal-fired Other On-line

62 Coal-fired Other On-line

63 Coal~fired Other On-line

64 Coal-fired Other On-1ine

65 Coal-fired Other On-line

66 Coal-fired Other On-11ne

67 Coal-fired Other On-line

68 Coal-fired Other On-line

69 Coal-fired Other On-line

70 Coal-fired Other On-1ine

71 Coal-fired Other TEF-lined bomb (Condenser)

72 Coal-fired Other TEF-1ined bomb (Condenser)
0BS BOILER CONTENT Cl COM_RUN

49 Pressurized 115 115.00 3

50 Pressurized 193 193.00 3

51 Pressurized 168 168.00 3

52 Pressurized 95 95.00 3

53 Pressurized 95 95.00 3

54 100 100.00 3

55 OF tunnel 4.,9000000000 4.90 4

56 OF tunnel 2.5000000000 2.50 4.

57 DF tunnel 4.7000000000 4.70 4

58 DF tunnel 2.6000000000 2.60 4

59  DF tunnel 5 5.00 4

60 DF tunnel 2.5 2.50 4

61 DF tunnel 1.3800000000 1.38 4

62 DF tunnel 2.0600000000 2.06 4

63 UA furnace 3.9100000000 3.9 4

64 UA furnace 4.6700000000 4.67 4

65 UA furnace 1.4000000000 1.40 4

66  Pre-NSPS, Triple 4.7000000000 4.70 4

67 Pre-NSPS, Circular 4.3000000000 4.30 4

68 Pre-NSPS, Tangential 1.7000000000 1.70 4

69 Pre-NSPS,. Tangential 0.8000000000 ' . 0.80 . 4

70 Pre-NSPS, Tangential 1.7000000000 1.70 4

71 0.5 . 0.50 4

72 0.5 0.50 4
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73
74
75
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77
78
79
80
81
az

FUEL

Coal-fired
Coal-fired
Coal-fired
Coal-fired
Coal-fired
Coal-fired
Coal~-fired
Coal-fired
Coal-fired
Coal-fired

BOILER

Wet bottom
Dry bottom
Dry bottom
Combustor

SAS

COMBUS

Other
Other
Other
Other
Other
Other
Other
Other
Other
Other

CONTENT

0.5
10
3
10
0.5
- 0.5
a7
25
4
30
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13:37 Friday, May 14, 1993 4
WATER

TEF-1ined bomb (Condenser)

TEF-1ined bomb (Condenser)

TEF-1ined bomb (Condenser)

TEF-1ined bomb (Condenser)

TEF-lined bomb (Condenser)

TEF-1ined bomb (Condenser)

S5 / glass hombs (Condenser)

$S / glass bombs (Condenser) |
$S / glass bombs (Condenser) ‘
On-line IR

C1 COM_RUN

0.50
10.00
3.00
10.00
0.50
-0.50
27.00
25.00
4,00
30.00
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SAS , 13:37 Friday, May 14, 1993 15

NPARIWAY PROCEDURE

Wilcoxon Scores (Rank Sums) for Variable C1
Classified by Variable COM_RUN

Sum of Expected std Dev ' ' Mean

COM_RUN N Scores Under HO Under HO Score
1 13 336.500000 234.0 29.1353261 25.8546154

22 293.500000 396.0 29.1353261 13.3409091
Average Scores were used for Ties
Wilcoxon 2-Sample Test_(Normal Approximation)
(with Continuity Correction of .5)
S= 336.500 Z= 3.50090 ~ Prob > |Z| » 0.0005
T-Test approx. Significance = 0.0013

Kruskal~Wallis Test (Chi-Square Approximation) ‘
CHISQ= 12,377 DF= 1 Prob > CHISQ= 0.0004

B.7



SAS
NPARLWAY PROCEDURE

Wilcoxon Scores (Rank Sums) for Variable Cl
Classified by Varigble COM_RUN

Sum of Expected
COM_RUN N- ' Scores Under HO
1 13 94,0 188.500000
3 15 312.0 217.500000

Average Scores were used for Ties

Wilcoxon 2-Sample Test (Normal Approximation)-

{with Continuity Correction of .5)
S= 94,0000 ’ I= -4,33430

T-Test approx. $ignificance =  0.0002

Kruskal-Wallis Test (Chi-Square Approximation})

CHISQ= 18.987 DF= 1

13:37 Friday, May 14, 1993 23

$td Dev ‘Mein
Under HO - Score
21.6874900 7.2307692
21.6874300 20.8000000

Prob > [Z] = 0.0001

Prob > CHISQ= 0.0001 !



SAS 13:37 Friday, May 14, 1993 31
NPARLIVAY PROCEDURE

Wilcoxon Scores (Rank Sums) for Variable Cl
Classified by Variable COM_RUN

Sum of Expected Std Dev . Mean
N Scores Under HO ) Under HO Score
13 375.0 273.0 35.6433553 28.8461538

28 " 486.0 588.0 . 35.6433553 17.3571429
Average Scores were used for Ties
Wilcoxon 2-Sample Test (Norma) Approximation)
(with Continuity Correction of .5)
S= 375.000 I= 2.84766 : Prob > |Z] = 0.0044
T-Test approx.'Significance = 0.0069

Kruskal-Wallis Test (Chi-Square'Approximatibn)
CHISQ= 8.1882 _ . OF= 1 Prob > CHISQ= 0.0042

B-9




$AS : 13:37 Friday, May 14,°1993 39

NPARIWAY PROCEDURE

Wilcoxon Scores (Rank Sums) for Variable Cl
Classified by Variable COM_RUN

Sum of . Expected Std Dev Mean

N Scores’ Under HO Under HO 'Score
22 264.0 418.0 32.1978330 " 12.0p00000
15 439.0 285.0 32.1978330 29.2566667

Average Scores were used for Ties
Wilcoxon 2-Sample Test (Normal Approximation)
- (with Continuity Correction of ,5)
S= 439.000 ) I= 4.,76740 ' Prob » |Z| = 0.0001
T-Test approx. Significance = 0.0001

Kruskal-Wallis Test (Chi-Square Approximation)
CHISQ= 22.876 OF= | ' Prob > CHISQ= 0.0001

B-10




SAS 13:37 Friday, May 14; 1993 &
NPARLIVAY PROCEDURE

Wilcoxon Scores (Rank Sums) for Variable Cl
Classified by Variable COM_RUN

Sum of - Expected Std Dev " Mean

N Scores Under HO : Under HO ' ' Score
22 o 489.500000 i : 561.0 50.9361505 22‘2500000
28 785.500000 714.0 50.9361505 28.0535714

Average Scores were used for Ties
Wilcoxon 2-Sample Test (Normal Approximation)
(with Continuity Correction of .5)
S=  489.500 Ze -1.39390 Prob » |Z| = 0.1633 '
T-Test approx. Significance = 0.1696

Kruskal-Wallis Test (Chi-Square Approximation)
CHISQ= 1.9704 DF= 1 Prob > CHISQ= 0.1604

B-11




COM_RUN

15
28

- 8AS
NPARLWAY PROCEDURE

Wilcoxon Scores (Rank Sums) for Variable Cl
Classified by Variable COM_RUN

Sum of Expected
Scores Under HO
537.0 330.0
409.0 616.0

Average Scores were used for Ties
Wilcoxon 2-Sample Test (Normal Approximation)
(with Continuity Correction of .5)
§= 537.000 i = 5.26708
T-Test approx. Significance = 0.0001

Kruskal-Wallis Test (Chi-Square Approximation)
CHISQ= 27.877 - DF= 1

B-12

13:37 Friday, May 14, 1993 5§

Std Dev Mean
Under HO Score
‘39.2057779 35.8000000

39.2057779 14,6071429

Prob » {Z| = 0.0001

Prob > CHISQ= 0.0001
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13:37 Friday, May 14

SAS

UNIVARIATE PROCEDURE

Schematic Plots
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_ APPENDIX C
GLOBAL MOTOR VEHICLE ACTIVITY DATA

Traffic volume (Vehicle Kilometers Traveled, or VkmT) was needed to estimate -
emissions of N,O from motor vehicles. These data were available for some countries for
some vehicle types from the International Road Federation (IRF, 1991). For the remaining
countries, VkmT had to be estimated using regressions of exisﬁng IRF data on population
or gross domestic product (GDP). The following table gives VkmT by country and vehicle
type. The "source" column indicates if the data were fitted (FIT) using a regression model
or are original data (IRF). If no good data fit could be made, NOF is shown in the "source”

column.

REFERENCE

International Road Federation. - 1991. World Road Statistics, 1986-1990. Geneva;
Switzerland. ' ‘

239-022\46-02\appendix.c
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" Global Metor Vehicle Activity Data 10:38 Monday, January

IRF and Fitted Data

Traffie
. . Volume chp Population
Country VEHICLE (Mlllion vimT) Source Millions § {(x1000)
ANGUILLA LbGv 6.39 FIT s ?
ANGUILLA - HODT 1.01 FIT as 7
ANGUILLA ’ LDGT 1.34 FIT a9 7
AFGHANISTAN LBGV 588.238 FIT 3587 15219
AFGHANISTAN HDPDT 93.23 FIT isev ' 15219
AFGHANISTAN LDGT 123,59 FIT 3se7 15219
ALBANIA - LDGV 459.23 FIT 2800 kK]
-ALBANIA RDDT 12.79 FIT . 2800 a0a3
ALBANTA - LDGT 96.48 FIT 2000 3083
ALGERIA LDGV B8965.67 FIT 54237 24290
ALGERIA HDDT 1398.43 FIT 54237 24290
ALGERIA LDGT 1B53,74 FIT 54237 242%0
ANGOLA LDGV 958.76 FIT 5843 9227
ANGOLA HDDT 151,62 FIT 5843 - 9227
ANGOLA LDGT 201.24 FIT 5843 9227
ANGOLA LDDT 0.00 NOF 56843 9227
ANTIGUA & BARBUDA LDGY 44.10 FIT 269 a3
ANTIGUA & BARBUDA HDDT 7.00 FIT 269 . 83
ANTIGUA & BARBUDA LDGT 9.27 FIT 269 a3
ARGENTINA LDGV l36e5.84 FIT 82433 31497
ARGENTINA HODT 2116.01 FIT 82433 31497
ARGENTINA LDGT 2804.95 FIT 82433 31497
ARGENTINA LDDT 0.00 NOF 82433 31497
AUSTRALIA LDGv 35693.52 FIT 210739 16249
AUSTRALIA HDDT 5302.63 FIT 210739 16249
AUSTRALIA LDGT 7029.06 FIT 210739 16249
AUSTRIA LDGV 41900.00 IRF 117584 7576
- AUSTRIA HDDT 3037.95 IRF 117584 . 7576
AUSTRIA : LbGT 4027,05 IRF 117584 7576
AUSTRIA LDDT 547.00 IRF 117584 1576
BAHAMAE . LboGgv 370,14 FIT 2257 240
BAHAMAS HDDT 58.64 FIT : 2257 240
BAHAMAS LDGT 77.78 - FIT 22517 240
BAHRAIN LDGV 639.09 FIt . 3896 416
BAHRAIN HDDT 101,26 - FiT Jege 416
BAHRAIN LDGT 134.23 FIT 3896 al€
BANGLADESH . Lbev 3161.34 FIT 19227 102563
BANGLADESH HDDT 498,50 FIT 19227 102563
BANGLADESH LDGT 660.80 FIT 19227 102563
BARBADOS LDGV 238.91 FIT 1457 254
BARBADOS HDRT 37.88 FIT 1457 254
BARBADOS LDGT 50.22 FIT 1457 254
BELGIUM LDGv 47611.00 IRF 142700 9919
BELGIUM - HDDT 2415.31 IRF 142708 9919
BELGIUM . LDGT 3201.69 ° IRF 142708 . 9919
BELGIUM LODT 760.060 IRF 142708 9919
BELIZE LDV 36.56 FIT 223 17
BELI2E HDDT 5.40 FIT 221 . 171
BELIZE LDGT 7.69 FIT 223 171.
BENIN . LDGV 263,68 FIT 1608 4304
BENIN HDDT 41.81 CFIT 1608 4304
BENIN LDGT 55.42 FIT: 1608 1304
BENIN LDDT 0.00 NOF le08 4304
BERMUDA Lbgv 207,75 . FIT 1267 g6
BERMUDA - HDDT 32.54 FIT 1267 56
BERMUDA ' LDGT 43.67 FIT 1267 56
SHUTAN LGV 45.41 FIT 217 21420
BHUTAN . HDDT 7.20 FIT 277 1420
BHUTAN LDGT 9,55 FIT 277 1420
BOLIVIA LDGV 649.27 FIT 3958 €797
BOLIVIA . HDDT 102.87 FIT . 3958 6797
BOLIVIA LDGT 136.36 FIT 3958 €797
BRAZIL . LDGV 56260.14 FIT 326250 141452
BRAZIL HDDT 8065.59 FIT 326250 141452
BRAZIL ’ . LDGT 10691,60 FIT . 326250 141452
BRAZIL LppT 0.00 NOF 326250 141452
VIRGIN ISLANDS UK LDGV 168,65 FIT 114 14
VIRGIN TSLANDS UK HDDT 2.96 FIT 114 14
VIRGIN ISLANDS UK LbeT 3.93 FIT 114 14
VIRGIN ISLANDS UK LDGV 189,71 FIT To11s7 s 109

NOF = No Fit / FIT = Data Fit
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1993
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Country

VIRGIN ISLANDS UK
VIRGIN ISLANDS UK
BRUNEI

BRUNEI

BRUNEI

BULGARIA

BULGARIA
BULGARIA
BULGARIA

BURKINA FASO
BURKINA FAS0
BURKINA FASO
BURKINA FASO

BURMA

BURMA

BURUNDI
BURUNDI
BURUNDI
BURUNDI
CAMERQGN
CAMERQQON
CAMEROON
CAMERQON
CANADA

CANADA

CANADA

CANADA

CAFE VERDE
CAPE VERDE
CAPE VERDE
CENTRAL AFRICAN REPUBLIC
CENTRAL AFRICAN REPUBLIC
CENTRAL AFRICAN REPUBLIC
CENTRAL AFRICAN REPUBLIC
CHAD .
CHAD

CHAD

CHILE

CHILE

CHILE

CHILE

CHINA

CHINA

CHINA

TAIWAN
COLOMBIA
COLOMBIA
COLOMBIA
COLOMBIA
COMOROS
COMOROS
COMOROS

CONGO

CONGO

CONGO

COSTA RICA
COSTA RICA
COSTA RICA
COSTA RICA
CUBA-

cuBA

CUBA

CYPRUS

CYPRUS

CYPRUS

CYPRUS
CZECHOSLOVAKIA
CZECHOSLOVAKIA
CZECHOSLOVAKIA

Glebal Motor Vehicle Activity Data

IRF ana Fitted Data

VEHICLE

HODY
LDGT
LoGv
HDDT
LDGT
LDGV
HDDT
LDGT
LDDT
LDGV
HDDT
LDGT
LDDT
LDGV
HDDT
LDGT
LDGV
HDDT
LDGT

- HODT
LDGT
LDDT
LDGV
HDDT
LOGT
LDGV
HDDT
LDGT
LDGV
HDDT
LDGT
LDDT
LDGV
HDDT
LDGT
LDGV
HDDT
LDGT
LDDT
LDGV
HDDT
LDGT

Traffic
Volume
(Million vkmT):

30.08
39,88
389.34
6l.72
8l.e81
10302.00
1576.23
2089.42
1148.00
274.18
43.47
57.62
0.00
1486.37
235.12
311.67
166,42
29.56
39.19
0.00
2557.64
403.76
£35.22
0.00
73392.68
10217.94
13544.71

NOF = No Fit / FIT = Data Fit

Source

FIT
FIT
FIT
FIT
FIT
IRF
FIT
FIT
IRF
FIt
FIT
FIT
NOF
FIT
FIT
FIT
FIT
FIT

IRF

10:38 Monday, January

GhP
uillions §

1157
1157
2374
2374
2314

61200
61200
€1200
1672
1672
1672
1672
9054
9054

251919

36189
36189
36189
3g189

Population
(x1000)

109
109
234
234
234
8970
8970
8970
8970
8306
LEDI
8306
8306
39142
39142
39142
5001
5001
‘5001
5001
1ps22

1086570

29729
29729
29729
29729
473
- 473
473
1837
1837
1837
2781
2781
2781
2781
10288
10288
10288
ca0
680
€90
680
15558
15558
15558



Global Motor vehicle Activity Data 10:38 Monday, January

IRF and Fitted Data

Traffic
. Volume Gbp Population
country . VEHICLE (Million VkmT) Source Millicns § (x1000)
C2ECHOSLOVAKIA LODT 1108,00 IRF 143500 15558
CAMBODIA LbGV 102.47 FIT 625 7684
CAMBODIA HDDT ' 16.25 FIT 625 7684
CAMBODIA LDGT 21.54 FIT 625 7604
DENMARK LDGV 268200.00 IRF 101613 5127
DENMARK HDDT 2666.00 IRF 101813 5127
DENMARK LDGT 3534.00 " IRF . 101813 5127
DENMARK LoDT 500.00 IRF 101813 5127
DJIBOUTI LDGV 71.65 F1T 437 72
DJIBOUTI . HDDT 11.236 FIT 437 372
DITBOUTI LDGT 15.06 FIT 437 a72
DJIIBQUTI LDDT 0.00 NOF 437 k)4
DOMINICA LDGV 19.1@ FIT 117 78
DOMINICA HDDT 3.04 - FIT 117 78
DOMINICA LDGT 4.03 FIT . 117 78
DOMINICAN REPUBLIC . LpGv 937.41 FIT 5713 6716
DOMINICAN REPUBLIC . HDDT 148.44 FIT 5713 6716
DOMINICAN REPUBLIC LDGT 196.77 FIT . 5713 6716
ECUADOR LDGV 373.00 IRF - 10606 9922
ECUADOR . HDDT 360,34 IRF 10606 9923
ECUADOR LDGT 477.66 IRF 10606 9923
ECUADOR LbpT 706.00 IRF © 10606 9923
EGYPT . LDGV 15489,52 FIT 93143 50740
EGYPT HDDT 2386.91 FIT 93143 50740
EGYPT LOGT 3164.05 FIT 93143 50740
EGYPT LDDT 0.00 NOF 93143 50740
EL SALVADOR LDEV 764.84 FIT : 4662 5009
EL SALVADOR .- HDDT 121.15 FIT 4662 5009
EL SALVADOR LDGT 160,60 FIT 4662 5009
EL SALVADOR LDDT 0.00 NOF 4662 5009
EQUATORIAL GUINEA LDGV 22.79 CPIT 139 411
EQUATORIAL GUINEA . . HDDT 3.61 FIT 139 411
EQUATORIAL GUINEA LDGT 4.79 FIT . 139 411
ETHIQPIA LDGV 58.00 IRF , 5302 46184
ETHIOPIA HDDT . §7.62 - IRF 5302 46184
ETHIOPIA LDGT 76.38 IRF 5302 46184
ETHIOPIA LDDT 34.00 IRF 5302 46184
FALKLAND ISLANDS LDGV 9.18 FIT 56 2
FALKLAND ISLANDS . RDDT 1.46 FIT 56 2
FALKLAND ISLANDS LDGT 1.93 FIT 56 2
FIJI ) . ' LDGV 193.98 FIT 1183 716
FIJI HDDT 30.76 FIT 1103 716
FIJI LDGT 40.77 FIT 1183 716
FINLAND oGV 30730.00 IRF ‘89428 4933
FINLAND HDDT 2197.30 IRF 89428 4933
FINLAND . LDGT 2912.70 IRF 09428 4933
FINLAND LBDT 670.00 IRF 89428 4933
FRANCE . LDGV 205000, 00 IRF 881450 55630
FRANCE ’ HDDT .38700.00 IRF 881450 55630
FRANCE LDGT $1300,00 IRF 881450 55630
FRANCE LDOT 4000.00 IRF 831450 55630
FRANCE Mc 16000.00 IRF 801450 55630
FRENCH GUIANA LDGV 39,02 FIT 238 07
FRENCH GUIANA HDDT - 6.19 FIT 238 a7
FRENCH GUIANA LDGT B.20 FIT 238 87
FRENCH GUIANA LDDT . 0.00 NOF 238 87
ERENCH POLYNESIA LDGV ’ 424.12 FIT 2506 170
FRENCH POLYNESIA © HDDT €7.22 FIT 2586 170
FRENCH POLYNESIA LDGT 69.11 FIT 2586 170
GABON ) LDGV 7008.85 FIT 4321 1058
GABON . HDDT 112.30 FIT 4321 1058
GABON : LDGT 148,86 FIT 4321 1058
GAMBIA LDGV 33.77 FIT 206 709
GAMBIA HDDT 5.36 FIT 206 789
GAMBIA LOGT 7.10 FIT 206 789
GAMBIA LDDT 0.00 NOF 206 789
GERMANY (EAST) LDGV 21641.84 FIT . 187500 © 16641
GERMANY (EAST) HDDT 4734.84 FIT 187500 16641
GERMANY (EAST) LDGT 6276,41 FIT 187500 16641
GERMANY (WEST) LoGv 376500.00 IRF 1116161 T 61171

NOF = No Fit / FIT =« Data Fit
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Global Motor Vehicle Activity Data 10:38 Monday, Janvary
IRF and Fitted pata

Traffic
Volume Gop Population
Country _ VEHICLE {Million vkmT) Sourge Millions s {x1000)
GERMANY (WEST) HDDT 1569500 IRF 1116161 61171
GERMANY (WEST) LDGT 20805.00 IRF lile16) . 61171
GERMANY (WEST) LDDT 3500.00 IRF 1116161 61171
GERMANY (WEST) MC 7000, 00 IRF 1116161 61171
GERMANY (WEST) LDGY 376500.00 IRF 1116161 61171
GERMANY (WEST) HDDT 15695.00 . IRF 1116161 61171
GERMANY (WEST) : LOGT 20805.00 IRF 1116161 61171
GERMANY (WEST) LDDT 3500.900 IRF 1116161 61171
GERMANY (WEST) MC 7000.00 IRF 1116161 61171
GHANA LDGV 5.00 IRF 522% 13391
GHANA HDDT ' 135.77 FIT 522% 13391
GHANA LDGT 179,97 FIT $22% 13391
GHANA LooT 0.00 NOF 5225 13391
GREECE LDGV 9392, 00 IRF 47190 9900
GREECE HEDT 1457.70 IRF 47199 9900
GREEGE LDGT 1932,30 IRF 47190 9500
GREECE LDDT 483.00 IRF 47190 9900
GREENLAND LGV 61.32 FIT 374 54
GREENLAND . HDODT 9.72 FIT 374 54
GREENLAND LDGT 12.89 FIT 374 54
GRENADA LoGv 22.79 FIT 139 59
GRENADA . HDDT . .61 FIT 139 99
GRENADA , LDGT 1,79 FIT 139 99
GUADELOUPE LDGV 305.67 FIT 1864 . 33e
GUADELOUPE HDDT 18.4¢6 FIT 1864 336
GUADELOUPE LDGT 64.24 FIT 1664 . 336
GUAM LDGV 196.77 FIT 1200 126
GUAM HDDT . 31.20 FIT 1200 126
GUAM LDGT 411,36 FIT . 1200 ‘126
GUATEMALA LDGV 1155.08% FIT 7038 8438
GUATEMALA HDDT . 182,83 FIT 7038 8439
GUATEMALA LDGT 242,35 FIT 7038 8438
GUATEMALA LDDT e.00 NOF 7038 8439
GUINEA LbGv 350,95 FIT E 2140 4931
GUINEA HDDT 55.63 . FIT 2140 4931
GUINEA LDGT 73.75 FIT. 2140 4921
GUINEA-BISSAU . " LoGV 27.05 FIT : 165 925
GUINEA-BISSAU HDDT 4.29 FIT 165 925
GUINEA-BISSAU LDGT 5.69 FIT . 165 928
GUYANA Logvy . 56.2a FIT ‘343 269
GUYANA HODT 8.92 FIT 343 989
GUYANA LDGT 11.82 FIT 343 989
HAITI LDGV 327.00 FIT 1994 5428
HAITI HDDT 51.84 FIT 1994 . 3438
HAITI LDGT 68.72 FIT 1954 5438
HONDURAS LDGV 1616,00 IRF 4022 4656
HONDURAS . HDDT 25.00 IRF © 4022 4656
HONDURAS LDGT 34.20 IRF 4022 4656
HONDURAS LoDt ) i080.00 IRF 4022 4656
HONDURAS MC 34.05 IRF 4022 4656
HONG KONG ) LDGV 3663.00 ' IRF 46537 5613
HONG KONG : HDDT 1018,24 IRF 46537 5613
HONG KONG LDGT 1349.7¢ IRF 46537 5613,
HONG KONG LDDT 717.00 IRF 46537 5613
HONG KONG MC 159.00 IRF 46537 5613
HUNGARY LoGv 11935.00 IRF . . 10€13
HUNGARY HDDT 2950.66 IRF . 10613
HUNGARY ' LDGT 3911.34 IRF N 10613
HUNGARY LoDt 2153.00 IRF . 10613
HUNGARY MC 985.00 IRF ' . 10613
ICELAND Logv 879.61 FIT 5361 246
ICELAND : HDDT 139,39 FIT 5361 246
ICELAND LDGT 184,68 FIT 5361 246
ICELAND LopTt 0.00 NoF 5361 246
INDIA . . LDGV 42351.,42 FIT 254203 781374
INDIA HDDT 6353.72 FIT 254203 781374
INDIA- LDGT 8422.30 FIT 254203 781374
INDIA LDDT 0.00 NOF 254203 781374
INDONESTA Lbgv 11543.67% FIT 69667 . 170179
INDONESIA HDDT 1791.91 FIT 69657 170173

NOF =~ No Fit / FIT = Data Fit
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Global Moter Vehiclae Activity Data 10:38 Monday, January
IRF and Fitted Data

Traffic
. Volume GDP Population
Country VEHICLE (Millien vkmT) Source Millions § {x1000)
INDONESTIA LOGT 2375.32 FIT 69667 170179
INDONESIA LDDT 0.00 NOF 69667 170179
IRAN . LDGV 33416,91 FIT 197702 51004
IRAN HDDT 4964.60 FIT 197702 51084
TRAN LDGT 6607.50 FIT 187702 51084
IRAQ LDGV : 17806, 00 IRF 5D0€69 170523
IRAQ HODT 3054.29 IRF 50665 17053
TRAQ LDGT 4048,71 IRF S0E69 17053
IRAQ LDET 1798.00 IRF 50669 17053
IRELAND LDGV 16939.00 IRF 28250 3542
IRELAND HDDT 1696.7a IRF 20250 3543
IRELAND LDGT 2249 22 IRF 28250 3543
IRELAND . LoboT 243.00 IRF 268250 A543
IRELAND MC 260.00 IRF 28250 1543
ISRAEL LbGV 5862.28 FIT 35571 4369
ISRAEL HDDT 919.86 FIT 3ss71 4369
ISRAEL - LDGT 1219.3% FIT 35571 4369
ITALY LDGV 244963.00 IRF 755865 57355
ITALY HDRT 19207.24 IRF 755865 57355
ITALY LDGT 25460.76 IRF 7558€5 573%5
ITALY LDDT 4579,00 IRF - 755865 57355
ITALY MC 37590.00 IRF 755865 57355
IVORY COAST LDGV 1669,04 FIT 10165 11142
IVORY COAST . HDDT 263.93 FIT 10165 11142
IVORY COAST LDGT 349,86 FiT 10165 11142
JAMAICA LDV 468.75 FIT 26858 2409
JAMAICA HDDT 74.2% FIT 2858 2409
JAMAICA LDGT 98.48 FIT 2658 2409
JAPAN LDGV 321496.00 IRF 2373707 122091
JAPAN HEDT 106361.3¢ IRF 2373707 122091
JAPAN LDGT 140990.64 - IRF 2373707 122091
JAPAN LoDT 6737.00 IRF 2373707 122091
JORDAN LDGV 4944.00 IRF 4216 3791
JORDAN HbDT 996.31 IRF 4216 3791
JORDAN LDGT 1320,69 . IRF ' 4216 3791
JORDAN LDDT 172.00 IRF 4216 3791
JORDAN MC 112,00 IRF 4216 3791
KENYA . Lbgv 1357.17 FIT L F11:] 2293€
KENYA HDDT 214.74 FIT $ 8268 22936
KENYA . LDGT 28B4 .65 FIT 8268 22936
KIRIBATI LOGV T 3.93 FIT 24 66
KIRIBATI HDDT 0.62 FIT 24 66
KIRIBATI LDGT 0.83 FIT 24 .66
NORTH KOREA . LbGv 2810.70 FIT 17100 21390
NORTH KOREA HDDT 442,50 FIT 17100 21390
NORTH XCREA LDGT 587.90 FIT 17100 21390
SQUTH KOREA LbGv B86846.00 IRF 121310 41575
SOUTH KOREA HDDT 5590.423 IRF 121310 415875
SQUTH KOREA LDGT 7410.57 IRF 121310 41575
SOUTH XOREA LBDT 3709.00 IRF 121310 41575
KUWAIT T Lbev 9385.00 IRF ’ 18147 1873
KUWATLT HDDT 1283.93 IRF 10147 1873
KUwAIT LDGT 1702.02 IRF 18147 1873
KUWAIT LboT la40.00 IRF 18147 1873
LAOS DGy 108,21 FIT 660 L3779
LADS HDDT 17.16 FIT 660 3778
LADS LDGT 22.75 FIT 660 3778
LACS ’ LPDT 0.00 NOF 6ED 3779
LEBANGON LDGV 306.00 FIT 1866 2762
LEBANON HDDT 48.5]1 FIT la66 . 2762
LEBANON LDGT 6€4.31 FIT 1866 2762
LIBERIA LDGV 58,00 IRF 1085 2349
LIBERIA HODT 10,32 IRF 1085 2349
LIBERIA LDGT 13.68 ©IRF 1085 2249
LIBERIA . LDDT 9.00 IRF pes 2349
LIBERIA MC 2.00 IRF' 1085 2349
LIBYA LDGV 3749.22 FIT 22790 4083
LIBYA HDDT 590.54 FIT 22790 4083
LIBYA LDGT 782.81 FIT 22790 4083
LUXEMBQURG LBGV 2613.00 . IRF 5993 3ge

NOF = Ne Fit / FIT = Data fit
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Global Motor Vehicle Activity Data 10:38 Monday, January

IRF and Fitted Data

Traffle

volume GDP Population
Country VEHICLE (Mlllion VkmT) Saurce Millions § {(x1000) .
LUXEMBOURG HDDT 128.587 IRF 5993 ELT)
LUXEMBOURG LDGT 170,43, IRF 5993 368
LUXEMBOURG LooT 44.00 IRF $993. 368
MACAU t LDGv 354,23 FIT 2160 429
MACAU . : HDDT 56.15 FIT 2160 429
MACAU . LDGT : 74.44 FIT 2160 429
MADACASCAR LDGV 18461.00 IRF 1824 10866
MADAGASCAR HDDT 2980.33 IRF 1824 10886
MADAGASCAR LDGT . 3950.67 - tRF 1824 . 100886
MADAGASCAR LoDT 7586.00 IRF 1024 10886
MALAWI LDGV ©202.67 FIT 1236 7554
MALAWI HDDT 12.14 . FIT 1236 7554
MALAWI LDGT 42.60 FIT 1236 7554
MALAYSIA LDGV 5312.18 .FIT 32244 16528
MALAYSIA HDDT 834.27 FIT 32244 16528
MALAYSIA . LDGT 1105.09 FIT 32244 : 16528
MALAYSIA LDDT 0.00 NOF 32244 16528
MALDIVES - LoGv 13.12 FIiT 80 195
MALDIVES HDDT 2.08 FIT 80 195
MALDIVES ’ LDGT 2.76 FIT 80 195
MALT LDGV 310.59 FIT 1894 8675
MALI HDDT 49.24 FIT 1894 B675
MALI . LDGT 65.27 FIT 1894 0€75
MALTA LDGv 300,26 FIT 1831 344
MALTA HDDT 47.80 FIT 1831 244
MALTA . LDGT 6€3.10 FIT 1831 344
MARTINIQUE LbGv 426.42 FIT 2600 34
MARTINIQUE - HDDT 67,59 FIT 2600 334
MARTINIQUE LDGT 89.59 FIT 2600 334
MAURITANIA LDGV 138.38 FIT 044 1865
MAURITANIA X HDDT 21.95 FIT 844 1865
MAURITANIA LDGT 29.09 FIT 844 © 1865
MAURITIUS LDGY 292,22 FIT 1782 1040
MAURITIUS HDDT 46,33 FIT . 1782 1040
MAURITIUS LDGT 61.41 FIT . T 1782 1040
MAURITIUS . LDOT .00 NOF 1782 1040
MEXICO X LDGV 23449.86 FIT 139991 81163
MEXICO HDDT A5€1.28 FIT 135991 81163
HEXICO LDGT 4720.76 FIT 139991 01163
MONACO LDGV €4.43 FIT 393 28
MONACO HDBT 10,22 FIT 93 28
MONACO LDGT 13.55 FIT 393 28
MONACO LDDT 0.00- NOF 393 28
MONGOLIA LDGV 267.13  FIT 1629 2028
MONGOLIA HDDT 42,35 FIT . 1629 2028
MONGOLIA . LDGT 56.14 FIT 1629 2028
MOROCCO LDGV allz.2o FIT 18929 23306
MOROQCCO HDDT 490.60 FIT 18929 23306
MOROCCO LDGT €50.5% FIT 18929 23306
MOROCCO LDDT 0.00 NOF 18929 22306
MOZAMBIQUE LDGV 180.69 FIT 1102 14548
MOZAMBIQUE HDDT 20.65 FIT 1102 14548
MOZAMBIQUE . LDGT 37.98 ‘FIT 1102 14548
MOZAMBIQUE LDDT . 0.00 NOF 1102 . 14548
NAURY LDGV 30.17 FIT . 104 2
NAURU HDDT 4.79 FIT . 1s4 2
NAURU LDGT 6.34 FIT 184 E
NEPAL LDGV 440,20 FIT ~ 2684 17788
NEFAL HDOT . 69.77 FIT 2684 17788
NEPAL LDGT 92.49 FIT 2684 17788
NETHERLANDS LDGV 75530.00 IRF 215910 14665
NETHERLANDS HDDT . 4855.99 IRF 215910 14665
NETHERLANDS ’ LDGT €437.01 IRF 215910 14665
NETHERLANDS LDODT §74.00 IRF 215910 14665
NETHERLANDS ME 24¢€0.00 IRF 215910 14665
ARUBA LDGV 260,89 FIT 1591 186
ARUBA HDDT 41.37 FIT 1591 les
ARUBA LDGT 54.63 FIT 1591 186
NETHERLANDS ANTILLES . LDGV . 260.89 FIT 1591 186
NETHERLANDS ANTILLES HDDT 41.37 FIT 1591 186

NOF = No Fit / FIT = Data Fit
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Global Meter Vehicle Activity Data 10:38 Monday, January
7

IRF and Fitted Data

Traffie
Volume . GDp Fopulation
Country VEHICLE (Million VkmT) Source Millions § (x1000)
NETHERLANDS ANTILLES LDGT 54.63 FIT 1991 186
NEW CALEDONIA LOGV 226.45 FIT 1381 158
NEW CALEDONIA . HDDT 35.91 FIT 1381 . 158
NEW CALEDONIA LDGT , 47.60 FIT 1381 158
NEW ZEALAND . T LDGV §744.97 FIT 34857 3400
'NEW ZEALAND HDDT 901.5¢ -FIT 34887 3400
NEW ZEALAND LDGT 1195.01 FIT 34657 3400
NEW ZEALAND LDDT 0.00 NOF' 34857 3400
NICARAGUA LDGV 497.95 FIT 3036 3502
NICARAGUA HDDT 78.92 FIT 3036 3502
NICARAGUA LDGT 104.61 FIT 3036 1502
NICARAGUA LDDT 0.00 NOF 3036 3502
NIGER LDGV 354.72 FIT 2163 6489
NIGER HDDT 56.23 FIT 2163 6489
NIGER LDGT 74,54 FIT 2163 6489
NIGER . LooT 0.00 NOF 2163 6489
NIGERIA ' LDGV 3441.75 FIT 20927 101908
NIGERIA HODT 542.43 FIT 20927 101908
NIGERIA LDGT 719.03 FIT . 20927 101908
NORWAY LDGV 13801.86 FIT 83123 4187
* NORWAY HDDT 2133,49 FIT 83123 4187
NORWAY - LDGT 2628.12 FIT 83123 4187
NORWAY . LDDT . 0,00 Nor 83123 4187
OMAN LDGV 1234.74 . FIT - 7523 - 1334
OMAN . HDDT 195,41 FIT 7523 1334
OMAN LDGT 259.03 FIT 7523 1334
PAKISTAN LDGV 6501,23 FIT 39418 102238
PAKISTAN _ HDDT 1018.73 FIT 39418 102238
PAKISTAN ) LDGT 1350.40 - FIT 39418 102236
PAXISTAN . ' LODT 0.00 NoF 39418 102238
PANAMA LDGV 872.38 FIT §317 22714
PANAMA HDDT 128,16 FIT - 8317 2274
PANAMA : . LDGT 183.14 FIT 5317 22174
PAPUA NEW GUINEA . LDGV 503.70 FIT .M 3479
PAPUA NEW GUINEA HDDT 79.83 - FIT 071 2479
PAPUA NEW GUINEA LDGT 105.82 FIT 3071 3479
PARAGUAY LDGV © 743,82 FIT 4534 3922
PARAGUAY HDDT 117.83 FIT . 4534 3922
PARAGUAY LDGT -156,19 FIT 4534 3922
PERU LDGV 7469.44 FIT 45249 20727
PERU HDDT 1166,32 FIT 45248 20727
PERU LDGT 1548.70 FIt 45248 20727
PHILIPPINES LDGV 5667.10 FIT - 34387 57356
PHILIPPINES HODT 085.41 FIT 34387 57356
PHILIPPINES LDGT 1176.99 FIT 34387 $7356
PHILIPPINES LDDT 0.00 NOF . 34287 57356
FOLAND LoGv 27115.00 IRF .o 37664
POLAND HODT 98B2,69 IRF . 37664
POLAND LDGT 13100.31 IRF . 37664
POLAND LODT 4%33,00 IRF . 37664
POLAND . MC 3660,00 IRF . 37664
PORTUGAL ) LDGV 6071.65 FIT 36828 10250
PORTUGAL HDDT ©1320.10 IRF 36828 10250
PORTUGAL LDGT 1745.90 IRF 36826 . 10250
PORTUGAL LDDT - 95,00 IRF 36820 10250
PUERTO RICO LDGV 4010.44 FIT 24372 © 3291
PUERTO RICO HDDT 631,38 FIT 24372 3291
PUERTC RICO LOGT ©.836.94 FIT 24372 3291
PUERTO RIGQ . LODT 0.00 NOF 24372 3291
QATAR LDGV 846.76 FIT 5161 327
QATAR ’ HDDT 134.11 FIT 5161 327
QATAR . LDGT 177.77 FIT 5161 327
REUNION LDGV 556,70 FIT 3394 565
REUNION HDDT 88.22 FIT 3394 565
REUNION LDGT 116,94 FIT 3394 $65
ROMANIA LOGY 19681.00 IRF . 22936
ROMANIA HDDT 2476,37 IRF . 22936
ROMANTA LDGT 3282,63 IRF . 22936
ROMANIA . ' LDDT 702.00 IRF : . . 22936
ROMANIA MC . 3737,00 IRF . . 22936

NOF = No Fit / FIT = Data Fit




Global Motor Vehicle Activity Data 10:38 Monday, January
IRF and Fitted Data

Traffic
. Volume sop Population
Country ' VEHICLE (Millien vkmT) Source Millions § (x1000)
RWANDA LDGV 342,58 FIT 2009 6530
RWANDA HDDT 54.31 FIT 2089 65390
RWANDA LDGT 71.99 FIT 2089 €530
RWANDA ’ LDDYT 0.00 NOF 2089 6530
ST. KITTS-NEVIS LDGV 14.43 FIT 86 48
ST, KITTS-NEVIS HDDT 2.29 FIT L1} 18
ST. KITTS~NEVIS LBGT 3.03 FIT a8 q4
ST. LUCIA LbGgv 3z.a0 FIT 197 132
ST, LUCIA HDDT 5.12 FIT 197 132
5T. LUCIA LDGT €.79 FIT 197 132
ST. VINCENT LoGV 21.64 FIT 132 107
S5T. VINCENT HDDT 3,43 FIT 132 107
ST. VINGCENT LDGT 4.55% FIt 132 © 107
SA0 TOME & PRINCIPE LDGV €.56 . FIT 40 103
SA0 TOME & PRINCIPE HDDT 1.04 FIT 40 103
SAO TOME & PRINCIPE LDGT 1.38 FIT . 40 lo3
SAUDI ARABIA LDGV 11990.67 FIT 72335 13612
SAUDI ARABIA . HDDT 1059.75 FIT 72235 13612
SAUDI ARABIA LDGT 2465.25 FIT 72335 13612
SAUDI ARARIA LDDT 0.00 NOF 72335 13612
SENEGAL Logv 757.28 FIT 4616 €919
SENEGAL o . HDDT 119.96 FIT © 4616 6919
SENEGAL LDGT 159.01 - FIT 4616 6919
SENEGAL LODT 0.00 NOF 4616 6919
SEYCHELLES Lbgv 43.12 FIT . 263 66
SEYCHELLES HDDT 6,084 FIT 263 66
SEYCHELLES . LDGT 9.07 FIT 263 66
SIERRA LEONE LDGV 291.57 FIT 1778 3849
SIERRA LEONE HDDT 46,22 FIT 1778 3849
SIERRA LEONE LDGT 6l.2e FIT 1778 3849
SINGAPORE LbGv 3280.91 FIT 19952 2613
SINGAPORE . HDDT 517.24 FIT 19952 2613
SINGAPORE LOGT 685,64 FIT 19952 2613
SINGAPORE . LDDT 0,00 NOF . 19952 2613
SOLOMON ISLANDS . Lbgv 24,10 - FIT 147 . 290
SOLOMON ISLANDS HDDT 3.82 FIT 147 290
SOLOMON ISLANDS LDGT 5.07 FIT 147 290
SQMALIA Lbev 264.34 FIT 1612 (-1
SOMALIA ' HDDT 41.91 FIT 1612 6866
SOMALIA LDGT 55.5¢ FIT 1612 6866
SOUTH AFRICA LDGV 47558.00 IRF 80518 33016
SQUTH AFRICA . . HDDT 11616,02 IRF - - 80518 33016
SOUTH AFRICA LDGT 15397.98 IRF 80518 33016
SOUTH AFRICA LDDT S5667.00 IRF 80518 33016
SQUTH AFRICA MC 2951, 00 IRF 80518 i30le
SPAIN LDGV 69559.00 IRF 289186 3epiz
SPAIN HODT 2374.00 IRF | 2689186 3ge32
SPAIN LDGT 12426.00 IRF 289166 38832
SPAIN LDDT l458,00 IRF 28916¢ 38e3z
SPAIN . MC 1817.00 IRF 289186 3ee3z
SRI LANKA : LDGV 1721.00 IRF 6423 163€)
SRI LANKA HRDT 1022.54 IRF 6423 16361
SRI LANKA LDGT 1355.46 IRF 6423 16361
SR LANRA . LbpT 1101.00 IRF 6423 18361
SRI LANKA MC 886,50 IRF 6423 16361
SUDAN . Lbev 1509.88 FIT 9197 23129
SUDAN HDDT 238.83 FIT 9197 23)29
SUDAN LDGT 316.59 FIT 9197 23128
SURINAME LDGV 175,12 FIT 1068 286
SURINAME . HDDT 21.7? FIT 1068 28¢
SURINAME ) LDGT 36.81 " FIT 1068 386
SURINAME - LBDT 0.00 NOF 1068 386
SWEDEN LDGV 5300.00 IRF 159560 8399
SWEDEN HDDT 2580.00 IRF 159560 8339
SWEDEN LDGT 3420.00 IRF 159560 83nsg
SWEDEN LODT, 0.00 NOF 159560 @399
SEWITZERLAND LDGVY 28625.20 FIT R 170087 © 6573
SWITZERLAND HDDT 4306.71 FIT 170087 6573
SWITZERLAND LDGT 5708.90. FIT 110087 6573
SWITZERLAND LDDT 0.00 NOF 170087 €573

NOF = No Fit / FIT = Data Fit



country

SYRIA
SYRIA
SYRIA
SYRIA
TANZANIA
TANZANIA
TANZANIA
THAILAND
THAILAND
THAILAND
THAILAND,
TOGO

TRINIDAD & TOBAGO
TRINIDAD & TOBAGO
TRINIDAD & TOBAGO
TUNISIA

TUNISIA

TUNISIA

TUNISIA

TUNISIA

TURKEY

TURKEY

TURKEY

TURKEY

UGANDA

UGANDA

UGANDA

USSR

USSR

EE

USSR

UNITED ARAB EMIRATES
UNITED ARAB EMIRATES
UNITED ARAB EMIRATES
UNITED KINGDOM
UNITED KINGDOM
UNITED KINGDOM
UNITED KINGDOM
UNITED KINGDOM
USA

USA

UsA

UsA

usA

URUGUAY

URUGUAY

URUGUAY

VANUATY

VANUATU

VANUATU

VENEZUELA
VENEZUELA
VENEZUELA
VENEZUELA

VIETNAM

VIETNAM

VIETNAM .
WESTERN SAHARA
WESTERN SAHARA
WESTERN SAHARA
YEMEN

YEMEN

YEMEN

YEMEN

. CGlobal Motor Vehicle Activity Data

IRF and Fitted Data

VEHICLE

LDGV
HDDT
LOGT
LDDT
LOGV
HDDT
LDGT
LbGvV
HDDT
LDGT
LDDT
LDGY
HDDT
LDGT
LDDT
LoGvV
HDDT
LDGT
LDGV
HDDT
LOGT
LDGV
HDOT
LOGT
LDDT
M

LDGV
HDDT
LDGT
LDDT
LDGV
HDDT
LDGT
LDGV
HDDT
LDGT
LDDT
LGV
HDDT
LDGT
LDGV
HDDT

HDDT
LDGT
LDDT

Traffic
Volume
(Million vkmT)

5336.52
T B36.05
1110.90
0.00
561.32
82.11
122.11
11448.00
7788.59
10324 .41
5617.00
205.29
32.55
43.15
276.00
15.57
2.47
3.27
755.15
119.62

10254.00
4264.31
5652.69
2148.00

403.45
63.95
84.77

732464.14

13139.08

17416.92

19525,00
3803.53

599.04

794.07

270000.00

23177.00

30723.00
3600.00
4600.00

2300139.00
401902.51
532754.49

a795.00

16129.00
1231.13

194.84
258.28
19.67
3.2
4.14
8195.682
1280.15
1697,00
0.00
1162.78
184.05
243.97
19.84
3.15
4.17
2919.00
1799.12
2384.88
.8.00

NOF = No Flt / FIT = Data Fit

C-10

Source

FIT
FIT
FIT
NOF
FIT
FIT
FIT
IRF
IRF
IRF
IRF
FIT
FIT
FIT
IRF
FIT
FIT
FIT
FIT
FIT
FIT
IRF
IRF
IRF
IRF
IRF
IRF
IRF
IRF
IRF
FiT
FIT
FIT
FIT
IRF
IRF
IRF
FIT
FIT
FIT
IRF
IRF
IRF
IRF
IRF
IRF
IRF
IRF
1IRF
IRF
FIT
FIT
FIT
FIT
FIT
FIT

"FIT

FIT
FIT
NOF
FIT
FIT

FIT
FIT
FIT
FIT
IRF
IRF
IRF
IRF

10:36 Monday, January

GDP
Millions §

3239}
32391
32391
EFh )
3544
3544
3544
47596
47596
47596
47596
1252
1252
1252
1252

2460
2659500
2659500
2659500
2659500

23119
23119
23119
688727
688727
688727
688727
68R727
4472910
4472910
4472910
4472910
4472910

7501

7501

7501

120
120
120
49615
49615
49615
49615

7085

7085

7085

121
121
121

4229

4229

4229

4229

Population
(x1000)

10969
10969
10969
10969
23217
23217
23217
53605
53605
53605
53605
Al4e
3148
3148
3148



4,

1993

10

Country

YEMEN
YEMEN
YEMEN
YEMEN
YUGOSLAVIA
YUGOSLAVIA
YUGOSLAVIA
YUGOSLAVIA
ZAIRE
ZAIRE
2AIRE
LAMBIA
ZAMBIA
2AMBIA
ZAMBIA
ZIMBABWE
ZIMBABWE
ZIMBABWE
BOTSWANA
BOTSWANA
BOTSWANA
BOTSWANA
NAMIBIA
NAMIBIA
NAMIBIA
LESOTHO
LESOTHO
LESOTHO
SWAZILAND
SWAZILAND
SWAZ ILAND
SWAZILAND

Global Motor Vehicle Activity Data

IRF and Fitted Data

VEHICLE

LbGV
HDDT
LDGT

Trafflc
Volume
tMillien vkmt)

2919.00
1799.12
2384 .98
8.00
25135.00
3526, 00
4674.00
1450.00
326.51
51.7¢
€6.62
312.07
49.49
65.58
0.00
984. 71
155.92
206,68
215.35
49.99
66.27
9.00
280,41
44.46
58.93
§9.51
9.44
12.51
91.98 -
14.59
19,34
0.00

NOF =~ No Fit / FIT = Data Fit

C-11

Soutce

IRF
IRF
IRF
IRF
IRF
IRF

10:38 Monday, January

GoP
Millions §

1165
1les
1165
1165
71018
71018
71018
71018
1991
1991
1991,
1902
1903
1503
1503
6001
6001
6001
1923
1923
1923
1923
1710
1710
1710
363
363
363
361

561
561

Pepulation
(x10Q0)







APPENDIX D
DEVELOPMENT OF SOIL N,O EMISSION FACTORS

\ The data used to calculate means and 95% confidence intervals (CIs) for soil N,O
emission rates are provided in Table D-1. Sample size could not be determined for most -
of the data. Where it was given in the literature, the sample size (n) is shown in the table.
All means and CIs were calculated using the value reported, whether it represented a single

datum or a sample mean.

Confidence in these factors could be increased if all of the original data were
available for analysis. These emissions may be non-normally distributed, in which case
calculation of means could be improved by data transformation. Furthermore, if the _
distribﬁtibn of soil N,O emissions is skewed to the right, data transformation will producé
lower means than those calculated using raw data. The overall effect will be to reduce total

annual global emissions estimates.
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SOIL N,O EMISSION FACTOR DATA

TABLE D-1

Coniferous | 0.0015x0.0022 NE Coniferous (red Bowden et al. (1990)
Midpoint = 0.00335 | pine stand) _
0.2427 Wisconsin Coniferous Bowden et al. (1990)
(pine plantation, red) _
0.0350 to 0.0701 Throughout Central Schmidt et al. (1988)
European Forest
| (predominantly
_ coniferous)
Deciduous | 0.0024 +0.0025 NE Deciduous (Black Bowden et al. (1990)
Oak, birch, maple) '
0.0149 New Hampshire Bowden et al. (1990)
deciduous :
0.0473 Wisconsin deciduous Bowden et al. (1990) |
min = 0.0263 West Germany Bowden et al. (1990)
max = 0.0964 deciduous |
0.1406 New York State Duxbury et al. (1982) |
deciduous; mineral soils '
over 1 year -
0.02305 New Hampshire Duxbury et al. (1982)
hardwood forest (n=29) | : I
Tropical Forests
min = 0.1375 ‘Amazon clay soils Matson et al. (1990)
midpoint = 0.1752 (Terra Firma) :
max = 0.2129
0.0263 Amazon sand soils Matson et al. (1990)
0.0088 Amazon floodplain soils | Matson et al. (1990)
(Varzea) ' |
0.1567. Florida Everglades, Duxbury et al. (1982)
' organic soil over 1 year | : ‘
239-022\46-02\appendix.d
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Table D-1
(Continued)

Tropical
forests,

continuned

0.3918

0.5762

0.3227

0.1139

Brazil tropical
hardwoods (annual
means)

Brazil tropical moist
forest

Puerto Rico, dry season,
subtropical moist forest

Amazon undisturbed
tropical soils

Amazonian forests: 3
types of ecosystems

Keller et al. (1988)

Keller et al. (1986)
Keller et al. (1986)
Keller et al. (1988)

Livingston et al.
(1988)

Savanna

0.0392 = 0.0645

0.2305 = 0.0738

0.3940 = 0.2397
0.2328 = 0.1706

0.1452 * 0.1498

0.0576

0.0230

Tropical savanna site I
(n=63)

Tropical savanna site II
(n=29)

Semi-deciduous tropical
savanna forest - day
time (n=34)

Semi-deciduous tropical
savanna forest - night
time (n=15)

Transitional savanna
forest (between savanna
and semi-deciduous
forest) (n=20)

Undisturbed tropical
savanna soil during dry
season '

Undisturbed tropical
savanna soil during dry
season after 4 days of
simulated rainfall

' 239-022\46-02\appendix.d
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Sanhueza et al. (1990) |

Sanhueza et al. (1990) | |

Sanhueza et al. (1990)

Hao et al. (1988)

Hao et al. (1988) |



Table D-1
(Continued)

Temperate
Grassland | 0.0830 Clovergrass in Freney et al. (1979)
Canberra, Australia,
over 5 months |
0.1314 Natural shortgrass Mosier et al. (1981)
_ prairie, Colorado :
Sclerophyllous ' ‘
Shrublands | 0.1752 Chaparral ecosystem, Levine et al. (1988)
L pre-burn .
239-022\46-02\appendix.d
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