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1.1 THE CONTEXT

Fossil fuels (coal, oil, and natural gas) are used
primarily for their concentration of chemical en-
ergy, energy that is released as heat when the fuels
are burned. Fossil fuels are composed primarily of
compounds of hydrogen and carbon, and when the
fuels are burned, the hydrogen and carbon oxidize to
water and carbon dioxide (CO,) and heat is released.
If the water and CO, are released to the atmosphere,
the water will soon fall out as rain or snow. The
CO,, however, will increase the concentration of
CO, in the atmosphere and join the active cycling
of carbon that takes place among the atmosphere,
biosphere, and hydrosphere. Since humans began
taking advantage of fossil-fuel resources for energy,
we have been releasing to the atmosphere, over a
very short period of time, carbon that was stored
deep in the Earth over millions of years. We have
been introducing a large perturbation to the active
cycling of carbon.
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Estimates of fossil-fuel use globally show
that there have been significant emissions
of CO, dating back at least to 1750, and
from North America, back at least to
1785. However, this human perturbation
of the active carbon cycle is largely a
recent process, with the magnitude of
the perturbation growing as population
grows and demand for energy grows.
Over half of the CO, released from fossil-
fuel burning globally has occurred since
1980 (Figure 11.1).
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Some CO, is also released to the atmo- 0
sphere during the manufacture of cement.

used to manufacture cement. In North America, cement
manufacture now releases less than 1% of the mass of
CO, released by fossil-fuel
combustion. However, ce-
ment manufacture is the
third largest human-caused
(anthropogenic) source of
CO, (after fossil-fuel use
and the clearing and oxida-
tion of forests and soils; see Part I11 this report). The CO,
emissions from cement manufacture are often included
with the accounting of anthropogenic CO, emissions
from fossil fuels.

Over half of the CO,
released from fossil-fuel
burning globally has
occurred since 1980.

Part 11 of this report addresses the magnitude and pattern
of CO, emissions from fossil-fuel consumption and ce-
ment manufacture in North America. This introductory
section addresses some general issues associated with
CO, emissions and the annual and cumulative magnitude
of total emissions. It looks at the temporal and spatial dis-

L 1

1750 1840 1930 2020

Year

Limestone (CaCO;) is heated to release Figure Il.1 Cumulative global emmissions of CO, from fossil-fuel com-

CO, and produce the calcium oxide (CaO)

bustion and cement manufacture from 1751 to 2002. Source data: Marland
et al. (2005).
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tribution of emissions and other data likely to be of interest.
The following four chapters delve into the sectoral details
of emissions so that we can understand the forces that have
driven the growth in emissions to date and the possibilities
for the magnitude and pattern of emissions in the future.
These chapters reveal, for example, that 38% of CO, emis-
sions from North America come from enterprises whose
primary business is to provide electricity and heat and an-
other 31% come from the transport of passengers and freight.
This introduction focuses on the total emissions from the use
of fossil fuels and the subsequent chapters provide insight
into how these fuels are used and the economic and human
factors motivating their use.

II.1.1 Estimating Carbon Dioxide Emissions
Itis relatively straightforward to estimate the amount of CO,
released to the atmosphere when fossil fuels are consumed.
Because CO, is the equilibrium product of oxidizing the car-
bon in fossil fuels, we need to know only the amount of fuel
used and its carbon content. For greater accuracy, we adjust
this estimate to take into consideration the small amount of
carbon that is left as ash

It is relatively
straightforward to estimate
the amount of CO, released
to the atmosphere when

fossil fuels are consumed.

or soot and is not actually
oxidized. We also consider
the fraction of fossil fuels
that are used for things
like asphalt, lubricants,
waxes, sol-
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Table Il.1 A sample of the coefficients used for estimat-
ing CO, emissions from the amount of fuel burned.

Emissions coefficient

Fuel (kg C/10? ] net heating value)
Lignite 27.6
Anthracite 26.8
Bituminous coal 25.8
Crude oil 20.0
Residual fuel oil 21.1
Diesel oil 20.2
Jet kerosene 19.5
Gasoline 18.9
Natural gas 15.3

Source: IPCC (1997).

kg C per 10° joules for petroleum, and 15 kg C per 10° joules
for natural gas. Figure PI1.2 shows details of the correlation
between energy content and carbon content for more than
1000 coal samples. Detailed analysis of the data suggests
that hard coal contains 25.16 + 2.09% kg C per 10° joules
of coal (measured on a net heating value basis?). The value
is slightly higher for lignite and brown coal (26.23 kg C £

Carbon Content versus Heating Value

1063 Samples from the Penn State Coal Database

plastics and may not be soon converted to
CO,. Some of these long-lived, carbon-con-
taining products will release their contained
carbon to the atmosphere as CO, during use
or during processing of waste. Other products
will hold the carbon in use or in landfills for
decades or longer. One of the differences
among the various estimates of CO, emis-
sions is the way they deal with the carbon in
these products.

Lignite C Content (dry, %)

Fossil-fuel consumption is often measured
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in mass or volume units and, in these terms,
the carbon content of fossil fuels is quite vari-
able. However, when we measure the amount
of fuel consumed in terms of its energy
content, we find that for each of the primary
fuel types (coal, oil, and natural gas) there
is a strong correlation between the energy
content and the carbon content. The rate of
CO, emitted per unit of useful energy released depends on
the ratio of hydrogen to carbon and on the details of the
organic compounds in the fuels; but, roughly speaking,
the numerical conversion from energy released to carbon
released as CO, is about 25 kg C per 10° joules for coal, 20
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Figure Il.2 The carbon content of coal varies with the heat content, shown
here as the net heating value. To make them easier to distinguish, data for lig-
nites and brown coals are shown on the left axis, while data for hard coals are
offset by 20% and shown on the right axis. Heating value is plotted in the units
at which it was originally reported, Btu/lb, where | Btu/lb = 2324 ]/kg. Source:
Marland et al. (1995).

! Net heating value (NHV) is the heat release measured when fuel is
burned at constant pressure so that the water (H,0) is released as H,O
vapor. This is distinguished from the gross heating value (GHV), the
heat release measured when the fuel is burned at constant volume so
that the H,O is released as liquid H,0. The difference is essentially
the heat of vaporization of the H,O and is related to the hydrogen
content of the fuel.



100

The First State of the Carbon Cycle Report (SOCCR)
The North American Carbon Budget and Implications for the Global Carbon Cycle

2.33% per 10° joules (also shown in Figure 11.2).
Similar correlations exist for all fuels and Table
PI11.1 shows some of the coefficients reported by
the Intergovernmental Panel on Climate Change
(IPCC) for estimating CO, emissions. The differ- 5
ences between the values in Table 11.1 and those
in Figure 11.2 are small, but they begin to explain
how different data compilations can end up with
different estimates of CO, emissions.

Ballion Metric Tons Carbon

Data on fossil-fuel production, trade, consump-
tion, etc. are generally collected at the level of
some political entity, such as a country, and over
some time interval, typically a year. Estimates
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of national, annual fuel consumption can be 0
based on estimates of fuel production and trade,
estimates of actual final consumption, data for
fuel sales or some other activity that is clearly
related to fuel use, or on estimates and models of
the activities that consume fuel (such as vehicle
miles driven). In the discussion that follows, some estimates
of national, annual CO, emissions are based on “apparent
consumption” (defined as production + imports — exports
+/- changes in stocks), while others are based on more direct
estimates of fuel consumption. All of the emissions esti-
mates in this chapter are as the mass of carbon released?.

The uncertainty in estimates of CO, emissions will thus
depend on the variability in the chemistry of the fuels, the
quality of the data or models of fuel consumption, and on un-
certainties in the amount of carbon that is used for non-fuel
purposes (such as asphalt and plastics) or is otherwise not
burned. For countries like the United States—with good data
on fuel production, trade, and consumption—the uncertainty
in national emissions of CO, is on the order of £5% or less.
In fact, the U.S. Environmental Protection Agency (USEPA,
2005) suggests that their estimates of CO, emissions from
energy use in the United States are accurate, at the 95%
confidence level, within -1 to +6% and Environment Canada
(2005) suggests that their estimates for Canada are within —4
to 0%. The Mexican National Report (Mexico, 2001) does
not provide estimates of uncertainty, but our analyses with
the Mexican data suggest that uncertainty is larger than for
the United States and Canada. Emissions estimates for these
same three countries, as reported by the Carbon Dioxide
Information Analysis Center (CDIAC) and the International
Energy Agency (IEA) (see the following section), will have
larger uncertainty because these groups are making esti-
mates for all countries. Because they work with data from

2 The carbon is actually released to the atmosphere as CO, and it is
accurate to report (as is often done) either the amount of CO, emitted
or the amount of C in the CO,. The numbers can be easily converted
back and forth using the ratio of the molecular masses, i.e. (mass of
C) x (44/12) = (mass of CO,).
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all countries, they use global average values for things like
the emissions coefficients, whereas agencies within the
individual countries use values that are more specific to the
particular country. When national emissions are calculated
by consistent methods it is likely that year-to-year changes
can be estimated more accurately than would be suggested
by the uncertainties of the individual annual values.

11.1.2 The Magnitude of National and

Regional Carbon Dioxide Emissions

Figure 11.3 shows that from the beginning of the fossil-fuel
era (1751 in these graphs) to the end of 2002, there were 93.5
billion tons of carbon (Gt C) released as CO, from fossil-fuel
consumption (and cement manufacture) in North America:
84.4 Gt C from the United States, 6.0 from Canada, and 3.1
from Mexico. All three countries of North America are ma-
jor users of fossil fuels and this 93.5 Gt C was 31.5% of the
global total. Among all countries, the United States, Canada,
and Mexico ranked as the first, eighth, and eleventh largest
emitters of CO, from fossil-fuel consumption, respectively
(for 2002) (Marland et al., 2005). Figure 11.4 shows, for each
of these countries and for the sum of the three, the annual
total of emissions and the contributions from the different
fossil fuels.

The long time series of emissions estimates in Figures 11.1,
11.3, and 11.4 are from the CDIAC (Marland et al., 2005).
These estimates are derived from the “apparent consump-
tion” of fuels and are based on data from the United Nations
Statistics Office back to 1950 and on data from a mixture
of sources for the earlier years (Andres et al., 1999). There
are other published estimates (with shorter time series)
of national, annual CO, emissions. Most notably the IEA
(2005) has reported estimates of emissions for many coun-

2000

Figure 11.3 The cumulative total of CO, emissions from fossil-fuel consumption
and cement manufacture, as a function of time, for the three countries of North
America and for the sum of the three. Source: Marland et al. (2005).
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Figure 11.4 Annual emissions of CO, from fossil-fuel use by fuel type for (A) the United States, (B) Canada, (C) Mexico, and (D)
North America, as the sum of the data shown in the other three panels. Note that in order to illustrate the contributions of the
different fuels, the four plots are not to the same vertical scale. Source: Marland et al. (2005).

tries for all years back to 1971, and most countries have
now provided some estimates of their own emissions as
part of their national obligations under the United Nations
Framework Convention on Climate Change (UNFCCC,
see http://lunfccc.int). These latter two sets of estimates are
based on data on actual fuel consumption and thus are able
to provide details as to the sector of the economy where
fuel use is taking place®.

All three countries of North
America are major users of

fossil fuels and this 93.5 Gt C
was 31.5% of the global total.

Comparing the data from
multiple sources can give
us some insight into the
reliability of the estimates,
generally. These different
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estimates of CO, emissions
are not, of course, truly independent because they all rely,
ultimately, on national data on fuel use; but they do represent

% The International Energy Agency provides estimates based on both
the reference approach (estimates of apparent consumption) and the
sectoral approach (estimates of actual consumption) as described by
the IPCC (IPCC, 1997). In the comparison here, we use the numbers
that they believe to be the most accurate, those based on the sectoral
approach.

different manipulations of this primary data and in many
countries there are multiple potential sources of energy
data. Many developing countries do not collect or do not
report all of the data necessary to precisely estimate CO,
emissions and in these cases differences can be introduced
by how the various agencies derive the basic data on fuel
production and use. Because of the way data are collected,
there are statistical differences between “consumption” and
“apparent consumption” as defined above.

To make comparisons of different estimates of CO, emis-
sions we would like to be sure that we are indeed comparing
estimates of the same thing. For example, emissions from
cement manufacture are not available from all of the sources,
so they are not included in the comparisons in Table 11.2. All
of the estimates in Table 11.2, except those from the IEA,
include emissions from flaring natural gas at oil produc-
tion facilities. It is not easy to identify the exact reason the
estimates differ, but the differences are generally small. The
differences have mostly to do with the statistical difference
between consumption and apparent consumption, the way
in which correction is made for non-fuel usage of fossil-fuel
resources, the conversion from mass or volume to energy
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Table 1.2 Different estimates (in MtC) of CO2 emissions from fossil-fuel

consumption for the United States, Canada, and Mexico.

from energy and emissions
from industrial processes.

Country 1990 1998 2002 11.1.3 Emissions by Month
United States | CDIAC 1305 CDIAC 1501 CDIAC 1580 andjor State _

With increasing interest in the

IEA 1320 IEA 1497 [EA 1545 details of the global carbon

USEPA 1316 USEPA 1478 USEPA 1534 cycle there is increasing interest

Canada CDIAC 12 CDIAC 19 CDIAC 139 in knowing emissions at spatial

and temporal scales finer than

IEA 17 IEA 136 IEA 145 countries and years. For the

Canada "7 Canada 133 Canada 144 United States, energy data have

Mexico CDIAC 99 CDIAC % CDIAC 100 been collected for many years

at the level of states and months

J2 & . e IEA 100 and thus estimates of CO, emis-

Mexico 8l Mexico 96 Mexico NA sions can be made by state or

Notes: by month. Figure I11.5 shows

Many of these data were published in terms of the mass of CO,, and these data have been

multiplied by 12/44 to get the mass of carbon for the comparison here.
All data except CDIAC include oxidation of non-fuel hydrocarbons.

All data except |IEA include flaring of gas at oil and gas processing facilities.

Sources: CDIAC (Marland et al., 2005), IEA (2005), USEPA (2005), Canada
(Environment Canada, 2005), and Mexico (2001).

units, and/or the way in which estimates of carbon content
are derived. Because the national estimates from CDIAC do
not include emissions from the non-fuel uses of petroleum
products, we expect them to be slightly smaller than the
other estimates shown here, all of which do include these
emissions*. The comparisons in Table I1.2 reveal one number
for which there is a notable relative difference among the
multiple sources, emissions from Mexico in 1990. Losey
(2004) has suggested, based on other criteria, that there is
a problem in the United Nations energy data set with the
Mexican natural gas data for the three years 1990-1992, and
these kinds of analyses result in re-examination of some of
the fundamental data.

the variation in United States’
emissions by month and pre-
liminary analyses by Gurney
et al. (2005) reveal that proper
recognition of this variability
can be very important in some
exercises to model the details of the global carbon cycle.

Because of differences in the way energy data are col-
lected and aggregated, it is not obvious that an estimate of
emissions from the United States will be identical to the
sum of estimates for the 50 United States’ states. Figure
11.6 shows that estimates of total annual CO, emissions
are slightly different if we use data directly from the U.S.
Department of Energy (DOE) and sum the estimates for
the 50 states or if we sum the estimates for the 12 months
of a given year, or if we take United States’ energy data
as aggregated by the United Nations Statistics Office and
calculate the annual total of CO, emissions directly. Again,

The IEA (2005, p. 1.4) has systematically com- = 150
pared their estimates with those reported to the 5 126
UNFCCC by the different countries and they ; |
find that the differences for most developed = 4pp A
countries are within 5%. The IEA attributes &
most of the differences to the following: use of '-Em-' 75 1
the IPCC Tier 1 method that does not take into 5 50 -
account different technologies, use of energy &
data that may have come from different “of- IE 25
ficial” sources within a country, use of average  * 5
O T

— Taotal —Coal

Oil — Gas

values for net heating value of secondary oil
products, use of average emissions values, use
of incomplete data on non-fuel uses, different
treatment of military emissions, and a different
split between what is identified as emissions

Figure.

2004 7

I1.5 Emissions of CO, from fossil-fuel consumption in the

United States, by month. Emissions from cement manufacturing are

not included. Source: Blasing et al. (2005a).

4 The CDIAC estimate of global total emissions does include estimates
of emissions from oxidation from non-fuel use of hydrocarbons.
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the state and monthly emissions data are based on estimates
of fuel consumption while the national emissions estimates
calculated using United Nations’ data result from estimates
of “apparent consumption.” There is a difference between
annual values for consumption and annual values of “ap-
parent consumption” (the IEA calls this difference simply
“statistical difference”) that is related to the way statistics
are collected and aggregated. There are also differences in
the way values for fuel chemistry and non-fuel usage are
averaged at different spatial and temporal scales, but the
differences in CO, estimates are seen to be within the error
bounds generally expected.

Data from DOE permit us to estimate emissions by state
or by month (Blasing et al., 2005a and 2005b), but they do
not permit us to estimate CO, emissions for each state by
month directly from the published energy data. Nor do we
have sufficiently complete data to estimate emissions from
Canada and Mexico by month or province. Andres et al.
(2005), Gregg (2005), and Losey (2004) have shown that

we can disaggregate national

To understand the trends
and the driving forces
behind the growth in
fossil-fuel emissions, and
the opportunities for
controlling emissions, it is
necessary to look in detail
at how the fuels are used.

total emissions by month or by
some national subdivision (such
as states or provinces) if we
have data on some large frac-
tion of fuel use. Because this
approach relies on determining
the fractional distribution of an
otherwise-determined total, it
can be done with incomplete
data on fuel use. The estimates
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will, of course, improve as the
fraction of the total fuel use is increased. Figure 1.7 is
based on sales data for most fossil-fuel commodities and the
CDIAC estimates of total national emissions and shows how

(A) Comparison: State Totals vs. National Carbon
Emission Estimates
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Figure I1.7 Carbon dioxide emissions from fossil-fuel consump-
tion in North America, by month. Monthly values are shown
where estimates are justified by the availability of monthly data
on fuel consumption or sales. Source: Andres et al., (2005).

the CO, emissions from North America vary at a monthly
time scale.

11.1.4 Emissions by Economic Sector

To understand how CO, emissions from fossil-fuel use
interact in the global and regional cycling of carbon, it is
necessary to know the masses of emissions and their spatial
and temporal patterns. We have tried to summarize this
information here. To understand the trends and the driving
forces behind the growth in fossil-fuel emissions, and the
opportunities for controlling emissions, it is necessary to
look in detail at how the fuels are used. This is the goal of
the next four chapters of this report.

Before looking at the details of how energy is used and
where CO, emissions occur in the economies of North
America, however, there are two indices of CO, emissions
at the national level that provide perspective on the scale
and distribution of emissions. These two indices are emis-

(B) Comparison: Totals from analysis of
Monthly vs. State Data
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Figure. 1.6 A comparison of three different estimates of national annual emissions of CO, from fossil-fuel consumption in the
United States. (A) Estimates from U.S. Department of Energy data on fuel consumption by state (blue squares) vs. estimates based
on UN Statistics Office data on apparent fuel consumption for the full United States (red squares). (B) Estimates based on DOE
data on fuel consumption in the 50 U.S. states (blue squares) vs. estimates based on national fuel consumption for each of the 12
months (red squares). The state and monthly data include estimates of oxidation of non-fuel hydrocarbon products; the UN-based

estimates do not. Source: Blasing et al., (2005b).
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Table I11.3 Emissions of CO, from fossil-fuel consumption (cement manu-
facture and gas flaring are not included) per unit of GDP for the United

States, Canada, Mexico and for the global total.

CO, emissions per unit of GDP°

Canada, and Mexico do not cover the
same time periods, nor do they present
data in the same way. In a discussion
of the possibilities for reducing CO,
emissions in the building sector it is

S Year not obvious, for example, whether to
1998 include the relevant electricity within

United States 0.19 0.17 0.15 the building sector, to leave electric
power generation as a separate sec-

Canada 0.18 0.18 0.16 tor, or to accept some overlap in the
Mexico 0.13 0.12 0.11 discussion. The authors of Chapters
6, 7, 8, and 9 have chosen the system

Global Total 0.17 0.15 0.14 boundaries and data they find most

?Carbon dioxide is measured in kg carbon and GDP is reported
in 2000 US$ purchasing power parity.
Source: IEA (2005).

sions per capita and emissions per unit of economic activity,
the latter generally represented by CO, per unit of gross
domestic product (GDP). Figure 11.8 shows the 1950-2002
record of CO, emissions per capita for the three countries
of North America and for perspective includes the same data
for the Earth as a whole. Similarly, Table 11.3 shows CO,
emissions per unit of GDP for the three countries of North
America and for the world total. These are, of course, very
complex indices and though they provide some insight they
say nothing about the details and the distributions within the
means. The data on CO, per capita for the 50 United States’
states (Figure 11.9) show that values range over a full order
of magnitude, differing in complex ways with the structure
of the economies and probably with factors like climate,
population density, and access to resources (Blasing et al.,
2005b; Neumayer, 2004).

Chapters 6 through 9 of this report

useful for the individual sectors, even
though it makes it more difficult to
aggregate across sectors.

Despite these differences in accounting procedures, the four

chapters that follow accurately characterize the patterns of
emissions and the opportunities for controlling the growth

in emissions. They reveal that there are major differences
between the countries of
North America where, for

Forty percent of the United

example, the United States
derives 51% of its electricity
from coal, Mexico gets 68%
from petroleum and natural

States’ CO, emissions are
from enterprises whose

primary business is to

from hydroelectric stations.

gas, and Canada gets 58% generate electricity and heat,
while this number is only 31%
Partially as a reflection i Mexico and 23% in Canada.
of this difference, 40% of
United States’ CO, emis-
sions are from enterprises whose primary business is to gen-

erate electricity and heat, while this number is only 31% in

discuss the patterns and trends of
CO, emissions by sector and the driv-
ing forces behind the trends that are
observed. Estimating emissions by
sector brings special challenges in
defining sectors and assembling the
requisite data. Readers will find that

there is consistency and coherence ir
within each of the following chapters
but will encounter difficulty in aggre- "

gating or summing numbers across
chapters. Different experts use differ-
ent sector boundaries, different data
sources, different conversion factors,
etc. Different analysts and literature

Per Capita Carbon Emissions (1 C per year)
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sources will find data for different 1950

base years and may treat electricity
and biomass fuels differently. The
national reports of the United States,
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Figure I1.8 Per capita emissions of CO, from fossil-fuel consumption and cement
manufacture in the United States, Canada, and Mexico and for the global total of
emissions. Source: Marland et al., (2005).
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Mexico and 23% in Canada (for 2003;
from IEA, 2005). Chapter 8 reveals
that the sectors are not independent
as, for example, a change from fuel
burning to electricity in an industrial
process will decrease emissions from
the industrial sector but increase
emissions in the electric power sec-
tor. The database of the IEA allows us
to summarize CO, emissions for the
three countries according to sectors
that closely correspond to the sec-
toral division of chapters 6 through
9 (Table 11.4).

11.2 CONCLUSION

There are a variety of reasons that we
want to know the emissions of CO,
from fossil fuels, there are a variety
of ways of coming up with the desired
estimates, and there are a variety of
ways of using the estimates. By the
nature of the process of fossil-fuel
combustion, and because of its eco-
nomic importance, there are reason-

Part Il Overview

ORNL 2006-G00S45/pp

Figure 11.9 Per capita emissions of CO, from fossil-fuel consumption for the 50 United
States in 2000. To demonstrate the range, values have been rounded to whole num-
bers of metric tons carbon per capita. A large portion of the range for extreme values
is related to the occurrence of coal resources and inter-state transfers of electricity.
Source: Blasing et al. (2005b).

ably good data over long time intervals that we can use to
make reasonably accurate estimates of CO, emissions to
the atmosphere. In fact, it is the economic importance of
fossil-fuel burning that has assured us of both good data
on emissions and great challenges in altering the rate of

emissions.

Table I1.4 Percentage of CO, emissions by sector for 2003.

Sector United States Canada Mexico North America
Energy extraction and conversion® 46.2 36.2 477 454
Transportation® 31.3 27.7 30.3 31.0
Industry* 1.2 16.8 13.6 1.8
Buildings? 1.3 19.3 84 1.8

“The sum of three IEA categories, “public electricity and heat production,”
“unallocated autoproducers,” and “other energy industries.”

b|EA category “transport.”

°|EA category “manufacturing industries and construction.”

¢IEA category “other sectors.”
Source: IEA (2005).
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KEY FINDINGS

* Inrecent years, the extraction of primary energy sources and their conversion into energy commodities in North America
released on the order of 760 million tons of carbon (2800 million tons of carbon dioxide) per year to the atmosphere,
approximately 40% of total North American emissions in 2003 and 10% of total global emissions. Electricity generation
is responsible for a very large share of North America's energy extraction and conversion emissions.

* Carbon dioxide emissions from energy supply systems in North America are currently rising.

* Principal drivers behind carbon emissions from energy supply systems are (1) the growing appetite for energy services,
closely related to economic and social progress, and (2) the market competitiveness of fossil energy compared with
alternatives.

» Emissions from energy supply systems in North America are projected to increase in the future. Projections vary among
the countries, but increases approaching 50% or more in coming decades appear likely. Projections for the United States,
for example, indicate that carbon dioxide emissions from electricity generation alone will rise to above 900 million tons
of carbon (3300 million tons of carbon dioxide) by 2030, an increase of about 45% over emissions in 2004, with three-
quarters of the increase associated with greater coal use in electric power plants.

* Prospects for major reductions in carbon

dioxide emissions from energy supply —— Business as usual
systems in North America appear dependent

upon (a) the extent, direction, and pace of ====+ Fuel substitution
technological innovation and (b) whether

. » ) o seee Fugl substilution
policy conditions favoring carbon emissions plus technological change
reduction that do not now exist will emerge

(Figure 6.1). In these regards, the prospects
are brighter in the long term (e.g., more than
several decades in the future) than in the
near term.

* Research and development priorities for
managing carbon emissions from energy
supply systems include, on the technology
side, clarifying and realizing potentials for
carbon capture and storage, and on the policy
side, understanding the public acceptability
of policy incentives for reducing dependence
on carbon-intensive energy sources.

Emissions

Time

Figure 6.1 Prospects for carbon emissions from energy extraction and
conversion in North America, assuming substantial improvement in energy
efficiency.
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6.1 INTRODUCTION

The energy supply system in North America is a significant
part of the North American carbon cycle, because so many of
its primary energy resources are fossil fuels associated with
extraction and conversion activities that emit greenhouse
gases. This chapter summarizes the knowledge bases related
to emissions from energy extraction, energy conversion, and
other energy supply activities such as energy movement and
energy storage, along with options and measures for manag-
ing emissions.

Clearly, this topic overlaps the subject matter of other chap-
ters. For instance, the dividing line between energy conver-
sion and other types of industry is sometimes indistinct.
One prominent case is emissions associated with electricity
and process heat supply for petroleum refining, and other
fossil-fuel processing (a large share of their total emissions)
included in industrial

Canada is the world’s fifth-
largest energy producing
country, a significant exporter of
both natural gas and electricity
to the United States.

sector emission totals;
another example is indus-
trial co-generation as an
energy-efficiency strat-
egy. In addition, biomass
energy extraction/conver-
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sion is directly related to
agriculture and forestry. Moreover, emission-related policy
alternatives for energy supply systems are often directed at
both supply and demand responses, involving not only emis-
sion reductions, but also potential payoffs from efficiency
improvements in buildings, industry, and transportation, es-
pecially where they reduce the consumption of fossil fuels.

6.2 CARBON EMISSIONS
INVENTORY

6.2.1 Carbon Emissions From

Energy Extraction and Conversion

Carbon emissions from energy resource extraction, conver-
sion into energy commodities, and transmission are one of the
“big three” sectors accounting for most of the total emissions
from human systems in North America, along with industry

BOX 6.1: CCSP SAP 2.2 Uncertainty Conventions

95% certain that the actual value is within 10% of the estimate reported,

uncertainty greater than 100%.

whokkk =
Fhkok = 95% certain that the estimate is within 25%,

Aok = 95% certain that the estimate is within 50%,

Hok = 95% certain that the estimate is within 100%, and
* =

= The magnitude and/or range of uncertainty for the given numerical
value(s) is not provided in the references cited.
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and transportation. The largest share of total emissions from
energy supply (not including energy end use) is from coal
and other fossil-fuel use in producing electricity; fossil-fuel
conversion activities such as oil refining and natural gas
transmission and distribution also contribute to this total, but
in much smaller amounts. Other emission sources are less
well defined, but generally small, such as emissions from oil
production and methane from reservoirs established partly to
support hydropower production (Tremblay et al., 2004), or
from materials production (e.g., metals production) associ-
ated with other renewable or nuclear energy technologies.
Generally, data on emissions have a relatively low level of
uncertainty, although the source materials do not include
quantitative estimates of uncertainty.

Data on emissions from energy supply systems are unevenly
available for the countries of North America, and none are
associated with sufficient information to support an assess-
ment of uncertainty. Most emission data sets are organized by
fuel consumed rather than by consuming sector, and countries
differ in sectors identified and the units of measurement. As
a result, inventories are reported in this chapter by country
in whatever forms are available rather than constructing a
North American inventory that could not be consistent across
all three major countries. It is worth noting that Canada and
Mexico export energy supplies to the United States, therefore,
some emissions from energy supply systems in these coun-
tries are associated with energy uses in the United States.

6.2.1.1 CANADA
Canada is the world’s fifth-largest energy producing country,
a significant exporter of both natural gas and electricity to the
United States. In Alberta, which produces nearly two-thirds
of Canada’s energy, energy accounts for about one-quarter of
the province’s economic activity; its oil sands are estimated
to have more potential energy value than the remaining
oil reserves of Saudi Arabia (U.S. Department of Energy,
2004). Although Canada has steadily reduced its energy and
carbon intensities since the early 1970s, its overall energy
intensity remains high—in part due to its prominence as an
energy producer—and total greenhouse gas emissions have
grown by 9% since 1990. As of 2003, greenhouse gas emis-
sions were 36.5 million
metric tons of carbon (Mt
C) equivalents (134 mil-
lion tons of carbon dioxide
[Mt CO,] equivalents) for
electricity and heat gen-
eration and 19 Mt C (71
Mt CO,) for petroleum
refining and upgrading and
other fossil-fuel produc-
tion (Environment Canada,
2003). Although the mix of
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the total contribution
of these sinks to the
North American carbon
cycle is relatively small,
while other aspects of

carbon dioxide (CO,) and methane (CH,) in these figures is
unclear, the carbon emission equivalent is probably within
the range of 60-80 Mt C.

The substitution of
biomass-derived fuels for fossil
fuels represents a potentially

6.2.1.2 MEXICO significant net savings in emissions.

Mexico is one of the largest sources of energy-related
greenhouse gas emissions in Latin America, although its
per capita emissions are well below the per capita average
of industrialized countries. The first large oil-producing
nation to ratify the Kyoto Protocol, it has promoted shifts
to natural gas use to reduce greenhouse gas emissions. The
most recent emission figures are from the country’s Second
National Communication to the United Nations Framework
Convention on Climate Change (UNFCCC) in 2001, which
included relatively comprehensive data from 1996 and
some data from 1998. In 1998, total emissions from “energy
industries” were 13 Mt C (47.3 Mt CO,); from electricity
generation they totaled 27.6 Mt C (101.3 Mt CO,); and “fugi-
tive” emissions from oil and gas production and distribution
were between 1.4 and 2.0 Mt C (1.9 and 2.6 Mt of CH,),
depending on the estimated “emission factor” (Government
of Mexico, 2001).

6.2.1.3 UNITED STATES
The United States is the largest national emitter of green-
house gases in the world, and CO, emissions associated with
electricity generation in 2004 account for 627 Mt C (2299
Mt CO,), or 39% of a national total of 1600 Mt C (5890 Mt
CO,) (EIA, 2006a). Greenhouse gases are also emitted from
oil refining, natural gas transmission, and other fossil energy
supply activities, but apart from energy consumption figures
included in industry sector calculations, these emissions are
relatively small compared with electric power plant emis-
sions. For instance, emissions from petroleum consumed
in refining processes in the United States are about 40 Mt
C per year (EIA, 2004), while fugitive emissions from gas
transmission and distribution pipelines in the United States
are about 2.2 Mt C per year'**(see Box 6.1 for uncertainty
conventions). On the other hand, a study of greenhouse gas
emissions from a six-county area in southwestern
Kansas found that compressor stations for natural
gas pipeline systems are a significant source of
emissions at that local scale (AAG, 2003).

6.2.2 Carbon Sinks Associated With
Energy Extraction and Conversion
Generally, energy supply in North America is based
heavily on mining hydrocarbons from carbon sinks
accumulated over millions of years; but current car-
bon sequestration occurs in plant growth, including
the cultivation of feedstocks for bioenergy produc-
tion. Limited strictly to energy sector applications,

1 This numerical value represents the authors’ estimate

bioenergy development
are associated with car-
bon emissions; but the substitution of biomass-derived fuels
(approximately emisson-neutral, as stored carbon is released
with fuel use) for fossil fuels represents a potentially signifi-
cant net savings in emissions.

6.3 TRENDS AND DRIVERS

Three principal drivers are behind carbon emissions from

energy extraction and conversion:

1. The growing global and national appetite for energy
services such as comfort, convenience, mobility, and
labor productivity, so closely related to progress with
economic and social development and the quality of
life (Wilbanks, 1992). Globally, the challenge is to
increase total energy services (not necessarily sup-
plies) over the next half-century by a factor of at least
three or four—more rapidly than overall economic
growth—while reducing environmental impacts from
the associated supply systems (NAS, 1999). Mexico
shares this need, while increases in Canada and the
United States are likely to be more or less proportional
to rates of economic growth.

2. The market competitiveness of fossil energy sources
compared with supply- and demand-side alternatives.
Production costs of electricity from coal, oil, or natural
gas at relatively large scales are currently lower than
other sources, except large-scale hydropower, and pro-
duction costs of liquid and gas fuels are currently far
lower than other sources, though rising. This is mainly
because the energy density and portability of fossil fuels
is as yet unmatched by other energy sources, and in some
cases policy conditions reinforce fossil-fuel use. These
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conditions appear likely to 3000
continue for some years. In
many cases, the most cost-
competitive alternative to
fossil-fuel production and
use is not alternative supply
sources, but efficiency im-
provement.

3. Enhanced future markets
for alternative energy sup-
ply sources. In the longer
run, however, emissions
from energy supply systems
may—and in fact, are likely
to—Dbegin to decline as alter-
native technology options are
developed and/or improved.
Other possible driving forces
for attention to alternatives
to fossil fuels, at least in the
mid to longer term, include the possibility of shrinking
oil and/or gas reserves and changes in attitudes toward

energy policy inter-

2000

Emissions from Electricity Generation (Mt CO_)

Total carbon emissions from

ventions.

energy extraction and conversion in

North America are currently rising.

Given the power of

the first two of these
drivers, total carbon emissions from energy extraction and
conversion in North America are currently rising (e.g., Figure
6.2). National trends and drivers are as follows. As is always
the case, projections of the future involve higher levels of
uncertainty than measurements of the present, but source
materials do not include quantitative estimates of uncertain-
ties associated with projections of future emissions.

6.3.1 Canada

Canada has ratified the Kyoto Protocol, and it is seeking to
meet the Kyoto target of CO, emission reduction to 6% be-
low 1990 levels. Of these reductions, 25% are to be through
domestic actions and 75% through market mechanisms such
as purchases of carbon credits (Government of Canada,
2005). Domestic actions will include a significant reduction
in coal consumption. Available projections, however, indi-
cate a total national increase of emissions in CO, equivalent
of 36.1% by 2020 from 1990 levels (Environment Canada,
2005). Emissions from electricity generation could increase
2000-2020 by as much as two-thirds, while emissions from

It has been estimated that total
Mexican CO, emissions will grow
69% by 2010, although mitigation
measures could reduce this

rate of growth by nearly half.

fossil-fuel production
would remain relatively
stable (although sub-
stantial expansion of oil
sands production could
be a factor).
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Figure 6.2 U.S. carbon dioxide emissions from electricity generation, 1990-2004.
Source: EIA, 2004, and the authors’ extensions for year 2004.

6.3.2 Mexico

It has been estimated that total Mexican CO, emissions will
grow 69% by 2010, although mitigation measures could re-
duce this rate of growth by nearly half (Pew Center, 2002).
Generally, energy sector emissions in Mexico vary in pro-
portion to economic growth (e.g., declining somewhat with
a recession in 2001). However, factors, such as a pressing
need for additional electricity supplies (calling for more than
doubling production capacity between 1999 and 2008) could
increase net emissions, while a national strategy to promote
greater use of natural gas (along with other policies related
in part to concerns about emissions associated with urban air
pollution) could reduce emissions compared with a reference
case (EIA, 2005).

6.3.3 United States

The Energy Information Administration (EIA, 2006b) proj-
ects that emissions from electricity generation in the United
States between 2004 and 2030 will rise from about 627 Mt
C (2299 Mt CO,) to more than 900 Mt C (3300 Mt CO,) (an
increase of about 45%) with three-quarters of the increase
associated with greater coal use in electric power plants. EIA
projects that technology advances could lower emissions by
as much as 9%. Projections of other emissions from energy
supply systems appear to be unavailable, but emissions could
be expected to rise at a rate just below the rate of change in
product consumption in the United States’ economy.

6.4 OPTIONS FOR REDUCING
EMISSIONS FROM ENERGY
EXTRACTION AND CONVERSION

Few aspects of the carbon cycle have received more atten-
tion in the past several decades than emissions from fossil



energy extraction and conversion. As a result, there is a wide
array of technology and policy options, many of which have
been examined in considerable detail, although there is not
a strong consensus on courses of action.

6.4.1 Technology Options

Technology options for reducing energy-supply-related

emissions (other than reduced requirements due to end-use

efficiency improvements) consist of:

» reducing emissions from fossil energy extraction, pro-
duction, and movement (e.g., for electricity generation
by improving the efficiency of existing power plants or
moving toward the use of lower-emission technologies
such as coal gasification-combined cycle generation
facilities) and

» shifting from fossil energy sources to other energy
sources (e.g., energy from the sun [renewable energy]
or from the atom [nuclear energy]).

The most comprehensive description of emission-reducing
and fuel switching technologies and their potentials is the
U.S. Climate Change Technology Program (CCTP) draft
Strategic Plan (U.S. Climate Change Technology Program,
2005), especially Chapters 5 (energy supply) and 6 (captur-
ing and sequestering CO,)—see also National Laboratory
Directors (1997). The CCTP report focuses on five energy
supply technology areas: low-emission fossil-based fuels and
power, hydrogen as an energy carrier, renewable energy and
fuels, nuclear fission, and fusion energy.

There is a widespread consensus that no one of these options,
nor one family of options, is a good prospect to stabilize
greenhouse gas emissions from energy supply systems, na-
tionally or globally, because each faces daunting constraints
(Hoffert et al., 2002). An example is possible physical
and/or technological limits to effective global “decarbon-
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ization” (i.e., reducing the use
of carbon-based energy sources
as a proportion of total energy
supplies), including renewable
or other non-fossil sources of

If many contributions can
be combined, the total
effect could approach
requirements for even

relatively ambitious

energy use at scales that would
dramatically change the global

carbon stabilization goals.

carbon balance between now and

2050. One conclusion is that “the disparity between what is
needed and what can be done without great compromise may
become more acute.”

Instead, progress with technologies likely to be available in
the coming decades may depend on adding together smaller
“wedges” of contributions by a variety of resource/technol-
ogy combinations (Pacala and Socolow, 2004), each of which
may be feasible if the demands upon it are moderate. If many
such contributions can be combined, the total effect could
approach requirements for even relatively ambitious carbon
stabilization goals, at least in the first half of the century,
although each contribution would need to be economically
competitive with current types of fossil energy sources.

A fundamental question is whether prospects for significant
decarbonization depend on the emergence of new tech-
nologies, in many cases requiring advances in science. For
instance, efforts are being made to develop economically af-
fordable and socially acceptable options for large-scale cap-
ture of carbon from fossil-fuel streams—with the remaining
hydrogen offering a clean energy source—and sequestration
of the carbon in the ground or the oceans. This approach is
known to be technologically feasible and is being practiced
commercially in the North Sea. Recent assessments suggest
that it may have considerable promise (e.g., IPCC, 2006). If
S0, there is at least some chance that fossil energy sources
may be used to provide energy services in North America
and the world in large quantities in the mid to longer terms
without contributing to a carbon cycle
imbalance.

What can be expected from technol-
ogy options over the next quarter to
half a century is a matter of debate,
partly because the pace of technology
development and use depends heav-
ily on policy conditions. Chapter 3 in
the CCTP draft Strategic Plan (2005)
shows three advanced technology sce-
narios drawn from work by the Pacific
Northwest National Laboratory, vary-
ing according to carbon constraints.
Potential cumulative contributions to
global emission reduction by energy
supply technology initiatives between
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2000 and 2100 range from about 25 billion tons of carbon (Gt
C) equivalent to nearly 350 Gt, which illustrates uncertain-
ties related to both science and policy issues. Carbon capture
and storage, along with terrestrial sequestration, could add
reductions between about 100 and 325 Gt C. It has been
suggested, however, that significantly decarbonizing energy
systems by 2050 could require massive efforts on a par with
the Manhattan Project or the Apollo Space Program (Hoffert
etal., 2002).

Estimated costs of potential technology alternatives for
reducing greenhouse gas emissions from energy supply
systems are summarized after the following discussion of
policy options, because cost estimates are generally based
on assumptions about policy interventions.

6.4.2 Policy Options

Policy options for carbon emission reduction from energy
supply systems revolve around either incentives or regulatory
requirements for such reductions. Generally, interventions
may be aimed at (a) shaping technology choice and use or
(b) shaping technology development and supply. Many of the
policy options are aimed at encouraging end-use efficiency
improvement as well as supply-side emission reduction.

Options for intervening to change the relative attractiveness
of available energy supply technology alternatives include
appealing to voluntary action (e.g., improved consumer
information, “green power”), a variety of regulatory actions
(e.g., mandated purchase policies such as energy portfolio
standards), carbon emission rights trading (where emission
reduction would have market value), technology/product
standards, production tax credits for non-fossil energy pro-
duction, tax credits for alternative energy use, and carbon
emission taxation or ceilings. Options for changing the
relative attractiveness of investing in carbon-emission-reduc-
ing technology development and dissemination include tax

Chapter 6

credits for certain kinds of energy research and development,
public-private sector research and devleopment cost sharing,
and electric utility restructuring. For a more comprehensive
listing and discussion, see Chapter 6 in IPCC (2001).

In some cases, perceptions that policies and market con-
ditions of the future will be more favorable to emission
reduction than at present are motivating private industry to
consider investments in technologies whose market com-
petitiveness would grow in such a future. Examples include
the CO, Capture Project and industry-supported projects at
MIT, Princeton, and Stanford (e.g., see http://www.co2cap-
tureproject.org/index.htm).

Most estimates of the impacts of energy policy options on
greenhouse gas emissions do not differentiate the contribu-
tions from energy supply systems from the rest of the energy
economy (e.g., IWG, 1997; IWG, 2000; IPCC, 2001; Nation-
al Commission on Energy Policy, 2004; also see OTA, 1991
and NAS, 1992). For instance the IWG (1997) considered
effects of $25 and $50 per ton carbon emission permits on
both energy supply and use, while Interlaboratory Working
Group (IWG) considered fifty policy/technology options
(IWG, 2000; also see IPCC, 2001), most of which would
affect both energy supply and energy use decisions.

6.4.3 Estimated Costs of Implementation
Estimating the costs of emission reduction associated with
the implementation of various technology and policy options
for energy supply and conversion systems is complicated by
several realities. First, many estimates are aggregated for
the United States or the world as a whole, without separate
estimates for the energy extraction and conversion sector.
Second, estimates differ in the scenarios considered, the
modeling approaches adopted, and the units of measure that
are used.

More specifically, estimates of costs of emission
reduction vary widely according to assumptions
about such issues as how welfare is measured,
ancillary benefits, and effects in stimulating
technological innovation; and therefore any par-
ticular set of cost estimate includes considerable
uncertainty. According to IWG (2000), benefits
of emission reduction would be comparable to
costs, and the National Commission on Energy
Policy (2004) estimates that their recommended
policy initiatives would be, overall, revenue-
neutral with respect to the federal budget. Other
participants in energy policymaking, however,
are convinced that truly significant carbon emis-
sion reductions would have substantial economic
impacts (GAO, 2004).



Globally, IPCC (2001) projected that total CO, emissions
from energy supply and conversion could be reduced in
2020 by 350 to 700 Mt C equivalents per year, based on
options that could be adopted using generally accepted poli-
cies, at a positive direct cost of less than U.S. $100 per ton
of carbon (t C) equivalents. Based on DOE/EIA analyses in
2000, this study includes estimates of the cost of a range of
specific emission-reducing technologies for power genera-
tion, compared with coal-fired power, although the degree of
uncertainty is not clear. Within the United States, the report
estimated that the cost of emission reduction per metric ton of
carbon emissions reduced would range from -$170 to +$880,
depending on the technology used. Marginal abatement costs
for the total United States’ economy (in 1990 U.S. dollars
per metric ton carbon) were estimated by a variety of models
compared by the Energy Modeling Forum at $76 to $410
with no emission trading, $14 to $224 with Annex | trading,
and $5 to $123 with global trading.

Similarly, the National Commission on Energy Policy (2004)
considered costs associated with a tradable emission permit
system that would reduce United States’ national greenhouse
gas emission growth from 44% to 33% from 2002 to 2025, a
reduction of 207 Mt C (760 Mt CO,) in 2025 compared with
areference case. The cost would be a roughly 5% increase in
total end-use expenditures compared with the reference case.
Electricity prices would rise by 5.4% for residential users,
6.2% for commercial users, and 7.6% for industrial users.

The IWG (2000) estimated that a domestic carbon trading
system with a $25/t C permit price would reduce emissions
by 13%, or 63 Mt C (230 Mt CO,), compared with a refer-
ence case, while a $50 price would reduce emissions by
17 to 19%, or 83 to 91 Mt C (306 to 332 Mt CO,). Both
cases assume a doubling of United States’ government ap-
propriations for cost-shared clean energy research, design,
and development.

For carbon capture and sequestration, IPCC (2006) concluded
that this option could contribute 15 to 55% to global mitiga-
tion between now and 2100 if technologies develop as pro-
jected in relatively optimistic scenarios and very large-scale
geological carbon sequestration is publicly acceptable. Under
these assumptions, the cost is projected to be $110 to $260/t
C ($30 to $70/t CO,). With less optimistic assumptions, the
cost could rise above $730/t C ($200/t CO,).

Net costs to the consumer, however, are balanced in some
analyses by benefits from advanced technologies, which are
developed and deployed on an accelerated schedule due to
policy interventions and changing public preferences. The
U.S. Climate Change Technology Program (2005: pp. 3-
19) illustrates how costs of achieving different stabilization
levels can conceivably be reduced substantially by the use
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of advanced technolo-
gies, and IWG (2000)
estimates that net end-
user costs of energy
can actually be reduced

Costs of achieving different
stabilization levels can conceivably
be reduced substantially by the
use of advanced technologies.

by a domestic carbon
trading system if it accelerates the market penetration of
more energy-efficient technologies.

In many cases, however, discussions of the promise of tech-
nology options are not associated with cost estimates. Eco-
nomic costs of energy are not one of the drivers of the IPCC
Special Report on Emissions Scenarios (SRES) scenarios,
and such references as Hoffert et al. (2002) and Pacala and
Socolow (2004) are concerned with technological potentials
and constraints as a limiting condition on market behavior
rather than with comparative costs and benefits of particular
technology options at the margin.

6.4.4 Summary

In terms of prospects for major emission reductions from
energy extraction and conversion in North America, the key
issues appear to be the extent, direction, and pace of techno-
logical innovation and the likelihood that policy conditions
favoring carbon emissions reduction that do not now exist
will emerge if concerns about carbon cycle imbalances grow.
In these regards, the prospects are brighter in the long term
(e.g., more than several decades in the future) than in the near
term. History suggests that technology solutions are usually
easier to implement than policy solutions, but observed im-
pacts of carbon cycle imbalances might change the political
calculus for policy interventions in the future.

6.5 RESEARCH AND
DEVELOPMENT NEEDS

If it is possible that truly effective management of carbon
emissions from energy supply and conversion systems
cannot be realized with the current portfolio of technology
alternatives under current policy conditions, then research
and development needs and opportunities deserve expanded
attention and support (e.g., National Commission on Energy
Policy, 2004). If so, the priorities include the following:

Technology. Several objectives seem to be especially rel-

evant to carbon management potentials:

« clarifying and realizing potentials for carbon capture
and sequestration;

» clarifying and realizing potentials of affordable renew-
able energy systems at a relatively large scale;

« addressing social concerns about the nuclear energy fuel
cycle, especially in an era of concern about terrorism;

e improving estimates of economic costs and emission
reduction benefits of a range of energy technologies
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across a range of economic, technological, and policy
scenarios; and

“Blue Sky” research to develop new technology options
and families, such as innovative approaches for energy
from the sun and from biomass, including possible ap-
plications of nanoscience (Caldeira et al., 2005; Lewis,
2005).

Policy. Research and development could also be applied to
policy options in order to enlarge their knowledge bases and
explore their implications. For instance, research priorities
might include learning more about:

public acceptability of policy incentives for reducing
dependence on energy sources associated with carbon
emissions;

possible effects of incentives for the energy industry to
increase its support for pathways not limited to fossil
fuels;

approaches toward a more distributed electric power
supply enterprise in which certain renewable (and hy-
drogen) energy options might be more attractive;
transitions from one energy system/infrastructure to
another; and

interactions and linkage effects among driving forces
and responses, along with possible effects of exogenous
processes and policy interventions.

In these ways, technology and policy advances might be
combined with multiple technologies to transform the capac-
ity to manage carbon emissions from energy supply systems,
if that is a high priority for North America.

Chapter 6
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Transportation

Lead Author: David L. Greene, ORNL

KEY FINDINGS

*  The transportation sector of North America released 587 million tons of carbon into the atmosphere in 2003, nearly
all in the form of carbon dioxide from combustion of fossil fuels. This comprises 37% of the total carbon dioxide emis-
sions from worldwide transportation activity, which in turn, accounts for about 22% of total global carbon dioxide
emissions.

* Transportation energy use in North America and the associated carbon emissions have grown substantially and
relatively steadily over the past 40 years. Growth has been most rapid in Mexico, the country most dependent upon
road transport.

»  Carbon emissions by transport are determined by the levels of passenger and freight activity, the shares of transport
modes, the energy intensity of passenger and freight movements, and the carbon intensity of transportation fuels.
The growth of passenger and freight activity is driven by population, per capita income, and economic output.

*  Chiefly as a result of economic growth, energy use by North American transportation is expected to increase by 46%
from 2003 to 2025. If the mix of fuels were assumed to remain the same, carbon dioxide emissions would increase
from 587 million tons of carbon in 2003 to 859 million tons of carbon in 2025. Canada, the only one of the three
countries in North America to have committed to specific greenhouse gas reduction goals, is expected to show the
lowest rate of growth in carbon emissions.

*  The most widely proposed options for reducing the carbon emissions of the North American transportation sec-
tor are increased vehicle fuel economy, increased prices for carbon-based fuels, liquid fuels derived from vegetation
(biomass), and in the longer term, hydrogen
produced from renewable energy sources
(such as hydropower), nuclear energy,
or from fossil fuels with carbon capture
and storage. Biomass fuels appear to be a
promising near- and long-term option, while
hydrogen could become an important energy
carrier after 2025.

*  After the development of advanced energy
efficient vehicle technologies and low-carbon
fuels, the most pressing research need in the
transportation sector is for comprehensive,
consistent, and rigorous assessments of
carbon emissions mitigation potentials and
costs for North America.
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Figure 7.1 Transportation energy use in North America, 1990-
2003. Sources: NATS (2005), Table 4-1; U.S. DOE/EIA (2005a),
Table 2.1e.

largest source of carbon well as the dominance of

relatively energy-intensive
road transport and the near
total dependence of North
American transportation
systems on petroleum as a

emissions among North
American energy end uses
(electricity generation is
considered energy conversion
rather than end use).

source of energy. If present

trends continue, carbon
emissions from North American transportation are expected
to increase by more than one-half by 2050. Options for
mitigating carbon emissions from the transportation sector,
like increased vehicle fuel economy and biofuels, could offset
the expected growth in transportation activity. However, at
present only Canada has committed to achieving a specific
reduction in future greenhouse gas (GHG) emissions: 6%
below 1990 levels by 2012 (Environment Canada, 2005b).

7.2 INVENTORY OF CARBON EMISSIONS

Worldwide, transportation produced about 22% (1.5 billion
tons of carbon [Gt C]) of total global carbon dioxide (CO,)
emissions from the combustion of fossil fuels (6.6 Gt C) in
2000 (page 3-1in U.S. EPA, 2005;
Marland, Boden, and Andres,
2005). Home to 6.7% of the world’s
6.45 billion people and source of

domestic product (GDP) estimates are judged to have 95%
certainty that the actual value is within 25% of the estimate
reported, chiefly because they are not based on triple bottom
line accounting). The differences in the sizes of the three
countries’ economies are far greater. The United States is the
world’s largest economy, with an estimated GDP of $11.75
trillion in 2004.

Although Mexico has approximately three times the popula-
tion of Canada, its GDP is roughly the same, $1.006 trillion
compared to $1.023 trillion (measured in 2004 purchasing
power parity dollars). With the largest population and largest
economy, the United States has by far the largest transpor-
tation system. The United States accounted for 87% of the
energy used for transportation in North America in 2003,
Canada for 8%, and Mexico 5% (Figure 7.1) (see Table 4.1 in

Table 7.1 Carbon emissions from transportation in North America in 2003.

North American Carbon Emissions by Country and Mode, 2003/2001

. (Mt C)
24.8% of the world’s $55.5 trillion -

United Canad Mexico North
gross world product (CIA, 2005), States ;3;33 280 07 America
North America produces 37% of 2003 2003/2001
the total carbon emissions from Road 399.4 36.7 26.0 462.0
worldwide transportation activity . my e 5 8 504
(Fulton and Eads, 2004). omestic Air : ; : :

Rail 1.7 1.4 0.4 13.5
Transportation activity is driven Domestic Water 15.7 1.6 0.9 18.1
chiefly by population, economic e o o o
wealth, and geography. Of the 'peline : : i
approximately 435 million resi- International Bunker 23.0 3.0 0.5 26.4
dents of North America, 68.0% Off-Road 46 46
reside in the United States, 24.5%
. . ] Total 505.9 51.7 29.4 587.0
in Mexico, and 7.5% in Canada it

(CIA, 2005) (these population
estimates are judged by the author
to have 95% certainty that the
actual value is within 10% of the

Sources: U.S. EPA (2005); Environment Canada (2005a); INE (2003)

Note: Data for Mexico is 2001, United States and Canada are 2003.

Carbon dioxide emissions estimates are considered by the Canadian and Mexican sources to have
95% certainty that the actual value is within 10% of the estimate reported. The United States did

not provide quantitative uncertainty estimates for 2003, but these estimates are considered to be

estimate reported, and the gross

equally accurate by the author.



NATS, 2005). These differences in energy use are directly
reflected in carbon emissions from the three countries’
transportation sectors (Table 7.1).

Transportation is defined as private and public vehicles that
move people and commaodities (U.S. EPA, 2005, p. 296). This
includes automobiles, trucks, buses, motorcycles, railroads
and railways (including streetcars and subways), aircraft,
ships, barges, and natural gas pipelines. This definition
excludes petroleum, coal slurry, and water pipelines, as well
as the transmission of electricity, although many countries
consider all pipelines part of the transport sector. It also
generally excludes mobile sources not engaged in trans-
porting people or goods, such as construction equipment
and on-farm agricultural equipment. In addition, carbon
emissions from international bunker fuel-use in aviation and
waterborne transport, though considered part of transport
emissions, are generally accounted for separately from a
nation’s domestic GHG inventory. In this chapter, however,
they are included, as are carbon emissions from military
transport operations, because they are real inputs to the car-
bon cycle. Upstream, or well-to-tank, carbon emissions are
not included with transportation end-use, nor are end-of-life
emissions produced in the disposal or recycling of materials
used in transportation vehicles or infrastructure because
these carbon flows are in the domain of other chapters. These
two categories of emissions typically comprise 20-30% of
total life cycle emissions for transport vehicles (see Table 5.4
in Weiss et al., 2000). In the future, it is likely that upstream
carbon emissions will be of greater importance in determin-
ing the total emissions due to transportation activities.

In addition to CO,, the combustion of fossil fuels by trans-
portation produces other GHGs including methane (CHy),
nitrous oxide (N,0O), carbon monoxide (CO), nitrogen oxides
(NO,), and non-CHj, volatile organic compounds (VOCs).
Those containing carbon are generally oxidized in the atmo-
sphere to ultimately produce CO,. However, the quantities
of non-CO, gases produced by transportation vehicles are
very minor sources of carbon in comparison to the volume
of CO, emissions. For example, North American emissions
of CH, by transportation accounted for only 0.03% of total
transportation carbon emissions in 2003. This chapter will
therefore address primarily the CO, emissions from trans-
portation activities (CH, emissions are included in the totals
presented in Table 7.1, but they are not included in any other
estimates presented in this chapter). Estimates of non-CO,
emissions are also subject to much greater uncertainty.
INE (2003) generally put the accuracy of the Mexican 2001
non-CO, GHG emissions at 95% certainty that the actual
value is within 50% of the estimate reported. However, En-
vironment Can