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Executive Summary

Methane gas is a valuable energy resource and the leading anthropogenic contributor to global warming after car-
bon dioxide. Atmospheric methane concentrations have doubled over the last 200 years and continue to rise, al-
though the rate of increase is slowing (Dlugokencky, et al., 1998). By mass, methane has 21 times the global
warming potential of carbon dioxide over a 100-year time frame. Methane accounts for 10 percent of U.S. green-
house gas emissions (excluding sinks) and reducing these emissions is a key goal of the U.S. Climate Change Ac-
tion Plan (EPA, 1999).

The major sources of anthropogenic methane emissions in the U.S. are landfills, agriculture (livestock enteric fer-
mentation and manure management), natural gas and oil systems, and coal mines. Smaller sources in the U.S. in-
clude rice cultivation, wastewater treatment, and others. Unlike other greenhouse gases, methane can be used to
produce energy since it is the major component (95 percent) of natural gas. Consequently, for many methane
sources, opportunities exist to reduce emissions cost-effectively or at low cost by capturing the methane and using
it as fuel.

This report has two objectives. First, it presents the U.S. Environmental Protection Agency’s (EPAS) baseline
forecast of methane emissions from the major anthropogenic sources in the U.S., and EPASs cost estimates of re-
ducing these emissions. Emission estimates are given for 1990 through 1997 with projections for 2000 to 2020.
The cost analysis is for 2000, 2010, and 2020. Second, this report provides a transparent methodology for the cal-
culation of emission estimates and reduction costs, thereby enabling analysts to replicate these results or use the
approaches described herein to conduct similar analyses for other countries.

Baseline Methane Emission Estimates

EPA estimates annual emissions for 1990 to 1997 and forecasts emissions for 2000, 2010, and 2020. In 1990, the
U.S. emitted 169.9 million metric tons of carbon equivalent (MMTCE) or 29.7 Teragrams (Tg) of methane. By
1997, estimated methane emissions were slightly higher at 179.6 MMTCE (31.4 Tg) (EPA, 1999). The baseline
U.S. methane emission forecast for 2010 is 186.0 MMTCE (32.5 Tg) which is almost a ten percent increase over
the 1990 levels. However, this forecast excludes the expected reductions associated with U.S. voluntary programs.
When these programs are taken into account, methane emissions are expected to remain at or below 1990 levels
through 2020. Exhibit ES-1 shows current methane emissions and projections by industry.

Exhibit ES-1: U.S. Methane Emissions (MMTCE)

Source Breakdown of 1997 U.S. Methane Emissions Source Breakdown of Baseline Forecast Emissions
MMTCE @ | Tg
21 GWP CH,

Enteric
. 200 —+ 35
Fermentation 19% «— Other

Landfills 37% 172 L 30

. .4— Enteric Fermentation
Manure 10% 143 + 25 -

«— Livestock Manure

115 20 o
Coal 10% - - .4— Coal Mining
-+ 15

86

Other 4% '
’ Natural Gas and Oil 20% 57 1 10 <+— Natural Gas and Ol

Total = 179.6 MMTCE 215 « Landfills

Source: EPA, 1999. o

1990 2000 2010 2020
Year
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To estimate historic and future emissions, EPA char- ground mines use ventilation systems to dilute it
acterizes the source industries in detail and identifies and additional techniques to recover it during or in
the specific processes within those industries that pro- advance of mining. In 1990, coal mine methane
duce emissions. Forecasts are based on a consistent emissions were estimated at 24.0 MMTCE (4.2
set of industry factors, e.g., consumption, prices, tech- Tg). By 1997, emissions fell to 18.8 MMTCE

nological change, and infrastructure makeup. The (3.3 Tg) mainly due to reduced coal production at
major emission sources are outlined below. “gassy” mines and increased methane recovery

» Landfills. The largest source (accounting for 37 (EPA, 1999). Baseline methane emissions reach

ES-2

percent) of U.S. anthropogenic methane emis-
sions, landfills generate methane during anaerobic
decomposition of organic waste. In 1990, landfills
generated 56.2 MMTCE (9.8 Tg) of methane,
which increased to 66.7 MMTCE (11.6 Tg) by
1997 (EPA, 1999). Baseline emissions are ex-
pected to decrease to 52.0 MMTCE (9.1 Tg) in
2010, due to the Clean Air Act New Source Per>
formance Standards and Emissions Guidelines
(Landfill Rule). The Landfill Rule requires the
nation’s largest landfills to reduce emissions of
non-methane organic compounds and results in a
simultaneous reduction in methane emissions.
The principal technologies for reducing emissions
from landfills involve collecting methane and us-
ing it as fuel for electric power generation or for
sale to nearby industrial users.

Natural Gas Systems. Emissions of methane
occur throughout the natural gas system from
leaks and venting of gas during normal operations,
maintenance, and system upsets. In 1990, meth-
ane emissions from the U.S. natural gas system
totaled about 32.9 MMTCE (5.7 Tg), and by 1997
methane emissions were estimated at 33.%
MMTCE (5.8 Tg) (EPA, 1999). EPA expects
emissions to increase as natural gas consumption
increases, although at a lower rate than gas con-
sumption growth. Baseline emissions reach 37.9
MMTCE (6.6 Tg) in 2010. Improved manage-
ment practices and technologies can reduce leaks
or avoid venting of methane from all parts of the
natural gas system.

Coal Mining. Methane and coal are formed to-
gether by geological forces during coalification.
As coal is mined, the methane is released. Be-
cause methane is hazardous to miners, under-

28.0 MMTCE (4.9 Tg) by 2010 due to growth in
coal mining from deep mines. The major tech-
nologies for reducing emissions include recovery
and sale to pipelines, use for power generation, or
on-site use. Catalytic oxidation of methane in
ventilation air may also be undertaken to reduce
emissions.

Livestock Manure Management. Methane is
produced during the anaerobic decomposition of
livestock manure. The major sources of U.S. live-
stock manure methane include large dairy and
cattle operations and hog farms that use liquid
manure management systems. In 1990, livestock
manure emitted about 14.9 MMTCE (2.6 Tg) of
methane. Emissions from this source increased to
17.0 MMTCE (3.0 Tg) by 1997 (EPA, 1999).
Baseline emissions reach 22.3 MMTCE (3.9 Tg)
in 2010 due to animal population growth driven
by increases in total meat and dairy product con-
sumption and increasing use of liquid waste man-
agement systems that produce methane. Existing
cost-effective technologies can be used to recover
this methane to produce energy.

Enteric Fermentation. Methane emissions from
livestock enteric fermentation were 32.7 MMTCE
(5.7 Tg) in 1990 and 34.1 MMTCE (6.0 Tg) in
1997 (EPA, 1999). Baseline methane emissions
reach 37.7 MMTCE (6.6 Tg) by 2020 due to in-
creased domestic and international demand for
U.S. livestock products. Emissions can be re-
duced through the application of improved man-
agement practices. The cost-effectiveness of these
practices has not been guantified as part of this
analysis, however.

U.S. Methane Emissions 1990-2020: Inventories, Projections, and Opportunities for Reductions



Costs of Reducing Emissions

This report presents the results of extensive benefit-
cost analyses conducted on the opportunities (tecly-
nologies and management practices) to reduce meth-
ane emissions from four of the five major U.S.
sources:
and livestock manure. To date, most economic analy-
ses of U.S. greenhouse gas (GHG) emission reductions
have focused on energy-related carbon emissions since
carbon dioxide (C¢) currently accounts for about 82
percent of the total U.S. GHG emissions (weighted by
100-year global warming potentials) (EPA, 1999). The
cost estimates for reducing methane emissions pre-
sented in this report can be integrated into economic
analyses to produce more comprehensive assessments pe avoided cost-effectively, based on the value of
of total GHG reductions. By including methane emis-
sion reductions, the overall cost of reducing GHG
emissions in the U.S. is reduced. At increasing values
for emission reductions, in terms of dollars per metric
ton of carbon equivalent ($/TCE), more costly,CO
reductions can be substituted by lower cost methane
reductions, when available, thereby lowering the mar-
ginal cost and the total cost of a particular GHG emis-
sion reduction level.

landfills, natural gas systems, coal mining,

The cost analysis is conducted for the years 2006,
2010, and 2020. All values are in 1996 constant dol-

lars. Results for the source-specific analyses are sum-
marized below.

» Landfills. The cost analysis focuses on technolo-

gies for recovering and using landfill methane for
energy. Two options are evaluated: use of landfill
methane for electricity generation and as a fuel for
direct use by a nearby end-user. After accounting
for emission reductions due to the Landfill Rule,
at $0/TCE, about 21 percent of baseline emissions
from landfills could be captured and used cost-
effectively in 2000. Cost-effective reductions de-
crease slightly to 20 percent, at $0/TCE, in 2010,
in part reflecting greater coverage of total emis-
sions by the Landfill Rule. At $30/TCE, emis-
sions could be reduced by 38 percent from thg.
baseline in 2000, and by 41 percent in 2010.
Emission reductions approach their maximum at
$100/TCE in 2000, and $40/TCE in 2010. EPA

U.S. Environmental Protection Agency - September 1999

projects the incremental benefits of higher values
for carbon equivalent to be slightly smaller in
2020 due to the Landfill Rule.

Natural Gas Systems. Cost curves for reducing
methane emissions from natural gas systems are
based on technologies and practices for reducing
leaks and venting of natural gas in the natural gas
system. EPA evaluates 118 technologies and
practices that have been identified by the gas in-
dustry in conjunction with EPAs Natural Gas
STAR Program. EPAs analysis assesses the cost-
effectiveness of each technology and practice
based on the value of methane as natural gas. In
2000, 2010, and 2020, about 30 percent of the
projected emissions from natural gas systems can

the saved methane. When a value of $30/TCE for
avoided emissions is added to the market price for
gas, about 35 percent of the emissions can be re-
duced. At $100/TCE, about 49 percent of emis-
sions can be reduced. Additional technologies
could likely emerge in this sector to reduce emis-
sions at high values for carbon equivalent, how-
ever, EPA only examines current technologies in
this analysis.

Coal Mining. EPAs analysis for reducing coal
mine methane emissions focuses on recovering
methane from underground mining, which com-
prises 65 percent of the emissions from this
source. Two emission reduction strategies are
analyzed: recovering methane from mines for sale
as natural gas and using new catalytic oxidation
technologies. The results suggest that in 2010, 37
percent of emissions from coal mines can be cost-
effectively reduced at energy market prices, or
$O/TCE. Up to 71 percent of emissions can be re-
duced at $30/TCE, which represents essentially all
of the technically recoverable methane from this
source. In 2020, the same pattern exists with 41
percent recoverable at $0/TCE and 71 percent re-
coverable at $30/TCE.

Livestock Manure Management. Cost curves
for reducing methane emissions from livestock
manure are based on recovering and utilizing

Executive Summary  ES-3



methane produced at dairies and swine farm$ion values, more methane reductions could be
EPAs analysis focuses on anaerobic digestioachieved. For example, EPAs analysis indicates that
technologies (including covered and complete mixvith a value of $20/TCE for abated methane added to
digesters) that capture methane for use on-site tbe energy market price, U.S. reductions could reach
generate electricity. At current energy pricesh0.3 MMTCE (8.8 Tg) in 2010.

emissions from livestock manure could be re; :
EPA also constructs marginal abatement curves

duced by 14 percent in 2000 and 2010. Em'SS'OfMACs) for each of the four sources along with an

reductions increase slightly to 15 percent in 2020 S ; 0
aggregate curve for 2010 which is shown in Exhibit
With an additional $30/TCE, emission reductions.lrézg g

h 30 tin 2000. 31 tin 2010 S-3. In order to properly construct the MAC for
reac percent in » o1 PEICentin 2915, a%h10, a discount rate of eight percent is equally applied
32 percent in 2020. At $100/TCE, emissions cal

_ o all sourced. MACs are derived by rank-ordering
be rgduced by about 63 perpent in 2000, 65 Pelrdividual opportunities by cost per emission reduction
centin 2010, and 67 percent in 2020. amount. Methane values and marginal costs are de-

» Enteric Fermentation. Emissions from livestock nominated in both energy values (natural gas and elec-
enteric fermentation can be reduced through erricity prices) and emission reduction values in terms
hanced feeding and animal management teclof $/TCE. On the MACs, energy market prices are
niques. The costs and cost-effectiveness of thesdigned to $0/TCE, where no additional price signals
reductions have not been quantified for this reportfrom emission reduction values exist to motivate re-

diHctions. At and below $0/TCE, all emission reduc-

The aggregate results of the analysis are presented

two ways. Exhibit ES-2 summarizes potential redu C‘gons are due to increased efficiencies, conservation of

: . . ethane, or both. As a value is placed on methane
tions across all sources at various carbon equwalem ' P

values. These reductions are the summation of sourc%I1ISSI0n reductions in terms of $frCE, these values
re added to the energy market prices and allow for

specific results where different discount rates are afi‘- dditional reducii o clear th ket Anv “bel
plied to each source: 8 percent for landfills, 20 percerﬂ rional Teductions o ciear the market. Any below-

for natural gas systems, 15 percent for coal mininéhe_lmen reQuctlon ampunt_s, with respect.to SOTTCE,
and 10 percent for livestock manure management. F(ﬂ{gstrate this .du.al prlce-silgnal market, i.e., energy
2010, EPA estimates that up to 34.8 MMTCE (6.1 Tgf"'ceS and emission reduction values.

of reductions are possible at energy market prices dthe aggregate U.S. MAC for 2010 in Exhibit ES-3
$O/TCE. Consequently, methane emissions could biustrates the following key findings. First, substantial
reduced below 1990 emissions of 169.9 MMTCEemission reductions, 36.8 MMTCE (6.4 Tg), can be
(29.7 Tg) if many of the identified opportunities areachieved at energy market prices with no additional
thoroughly implemented. At higher emission reducemission reduction values ($0/TCE). Second, at

Exhibit ES-2: U.S. Baseline Emissions and Potential Reductions (source-specific discount rates) (MMTCE)

MMTCE Tg 2000 2010 2020

@21GWP CH, Cost-Effective Reductions Baseline Emissions 173.9 186.0 183.7
200135  Baseline Emissions Cumulative Reductions

172130 Emission Levels at at $0/TCE 30.8 348 35.0

Different $/TCE at $10/TCE 36.4 423 40.9

143425 e BN $0 at $20/TCE 417 50.3 474

$20 at $30/TCE 54.6 61.7 58.7

115-1-20 e S E— $50 at $40/TCE 56.2 63.5 61.0

$100 at $50/TCE 59.5 66.9 64.8

8615 $200 at $75/TCE 64.3 71.9 70.7

57 at $100/TCE 67.2 74.9 74.0

Remaining Emissions at $125/TCE 68.4 76.2 75.5

29 at $150/TCE 68.7 76.5 75.9

at $175/TCE 69.0 76.8 76.2

0 1990 2000 2010 2020 atl$_200/TC_E _ 69.2 77.0 76.5

Year Remaining Emissions 104.7 108.9 107.2
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Exhibit ES-3: Marginal Abatement Curve for U.S. Methane Emissions in 2010 (at an 8 percent discount rate)

$250

$200 4 - - - - - Ll Lol
Observed Data
$150 1 - . oA

$100 | - - -
45

$/ TCE=30g102MMTCE — 60

($/MMBtu or $/kWh)

$50

Increasing Energy Prices

$0

Market Price

Value of Carbon Equivalent (1996 $/TCE)

($50) T T T T T T T
0 10 20 30 40 50 60 70 80

Abated Methane (MMTCE)

$20/TCE and $50/TCE total estimated reductions ardowever, EPA expects that approximately 50 per-
52.6 MMTCE (9.2 Tg) and 70.0 MMTCE (12.2 Tg), cent of the reductions available in 2010 at $0/TCE
respectively. Third, at $100/TCE, total achievablewill be captured by these programs. These pro-
reductions are estimated at 75.5 MMTCE (13.2 Tggrams have reduced emissions by 8 MMTCE in
Finally, above $100/TCE, the MAC becomes inelastic1998 and are expected to reduce emissions by 12
that is, non-responsive to increasing methane valuggMTCE in 2000, and 20 MMTCE in 2010.

This inelasticity indicates the limits of the options con-

sidered. The magnitude of the cost-effective and

low-cost reductions reflects methane’s value as an

energy source and emphasizes that many proven

technologies can be used to recover it. For several

sources, the inelastic section of the curve at the

higher end of the cost range indicates a limitation

of the analysis, namely that only available tech-

nologies are assessed. Additional technologies

may become available to reduce methane emis-

sions at these prices; however, EPA has not yet

assessed this possibility.

EPA has developed a number of voluntary pro-
grams as part of the Climate Change Action Plan
(CCAP) to overcome market barriers and encour-
age cost-effective methane recovery projects. In
this report, the emission reductions associated
with these CCAP programs have not been sub-
tracted from the baseline emission projections.
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Endnotes

Y In the construction of a national or aggregate marginal abatement curve, a single discount rate is applied to all
sources in order to equally evaluate various options. Given a particular value for abated methane, all options up to
and including that value can be cost-effectively implemented. An eight percent discount rate, the lowest in the
range of the source-specific rates (8 to 20 percent), is used since it is closer to social discount rates employed in na-
tional level analyses. The results from the single, eight percent discount rate analysis are slightly higher than the
results where source-specific discount rates are used because a lower discount rate reduces project costs enabling
additional reductions.
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1. Introduction and Aggregate Results

Introduction

This report has two objectives. First, it presents the U.S. Environmental Protection Agency’s (EPAS) baseline
forecast of methane emissions from the major anthropogenic sources in the U.S., and EPASs cost estimates of re-
ducing these emissions. Emission estimates are given for 1990 through 1997 with projections for 2000 to 2020.
The cost analysis is for 2000, 2010, and 2020. Second, this report provides a transparent methodology for the cal-
culation of emission estimates and reduction costs, thereby enabling analysts to replicate these results or use the
approaches described herein to conduct similar analyses for other countries.

The information presented in this report can be used in several ways. The emission estimates and forecasts repre-
sent the most up-to-date estimates of methane emissions in the U.S.; thus, this report replaces and expands upon
EPAs Anthropogenic Methane Emissions in the United States, Estimates for 1990, Report to Ct38Ba3s

As such, this report can be used where estimates of future emissions are required. The report also summarizes the
state of knowledge on methane emissions from the major anthropogenic sources.

While the emission estimations are refinements of earlier approaches, the cost analyses presented in this report
represent a major contribution to the literature on mitigating emissions. To date, most economic analyses of
greenhouse gas (GHG) emission reductions have focused on the energy-related carbon emissions since carbon
dioxide (CQ) currently accounts for about 82 percent of the total U.S. emissions (weighted by 100-year global
warming potentials) (EPA, 1999). The cost-estimates for reducing methane emissions presented in this report can
be integrated into economic analyses to produce more comprehensive assessments of total GHG reductions. By
including methane emission reductions, the overall cost of reducing GHG emissions in the U.S. is reduced. At
increasing values for emission reductions, more costlyr@fictions can be substituted by lower cost methane
reductions, when available, thereby lowering the marginal cost and the total cost of a particular GHG emission
reduction level.

The marginal abatement curves (MACSs) developed in this report can be used to estimate possible emission reduc-
tions at various prices for carbon equivalent emissions or conversely, the costs of achieving certain amounts of
reductions. EPA recognizes that the cost analyses will change with the introduction of new technologies and addi-
tional research into methane emission abatement technologies. Other countries, nevertheless, can use the cost
analyses presented in this report as the basis for estimating emission reduction costs.

1.0 Overview of Methane dioxide. As illustrated in Exhibit 1-1, methane ac-
EMmissi counts for 17 percent of the enhanced greenhouse ef-
mISSIons fect (IPCC, 19964).

Next to carbon dioxide, methane is the second largegiver the last two centuries, methane’s concentration in
contributor to global warming among anthropogenidhe atmosphere has more than doubled from about 700
greenhouse gases. Methane’s overall contribution fearts per billion by volume (ppbv) in pre-industrial
global warming is significant because, over a 100-yedimes to 1,730 ppbv in 1997 (IPCC, 1996a). Exhibit
time frame, it is estimated to be 21 times more effecl-1 illustrates this trend. Scientists believe these at-
tive at trapping heat in the atmosphere than carbghospheric increases are largely due to increasing
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Exhibit 1-1: Global Enhanced Greenhouse Effect and Methane Concentrations

Contribution of Anthropogenic Gases to Enhanced Historical Global Atmospheric Methane Concentrations
Greenhouse Effect Since Pre-Industrial Times
(measured in Watts/m?)

Methane 17%

2,000T
1,7507
1,500

1,2507

Carbon Tropospheric O; 14%

Dioxide 55% 1,0007

750 .

Methane Concentration (ppbv)

CFCs, HFCs 9% 500 T

N,O 5%

PFCs, SF;<1% 250 T

0 t | } |
Total = 2.85 Watts/m2 1800 1850 1900 1950 2000
Source: IPCC, 1996a. Year

Source: Boden, et al., 1994; Dlugokencky, et al., 1998.

emissions from anthropogenic sources. Although a® O Sources of Methane
mospheric methane concentrations continue to rise, the Emissions

rate of increase appears to have slowed since the
1980s. |If present trends continue, however, atmoi;I

pheric methane concentrations will reach 1,800 ppbv ethane is emitted |nto.the atmosphere from both
by 2020 (Dlugokencky, et al., 1998) natural and anthropogenic sources. Natural sources

include wetlands, tundra, bogs, swamps, termites,
Atmospheric methane is reduced naturally by sinkswildfires, methane hydrates, and oceans and fresh-
Natural sinks are removal mechanisms and the greategéters. Anthropogenic sources include landfills, natu-
sink for atmospheric methane (glis through a reac- ral gas and oil production and processing, coal mining,
tion with naturally-occurring tropospheric hydroxyl agriculture (livestock enteric fermentation and live-
(OH)? Methane combines with OH to form water stock manure management, and rice cultivation), and
vapor (HO) and carbon monoxide (CO), which in turnvarious other sources. By 1990, anthropogenic
is converted into carbon dioxide (€O Atmospheric  sources accounted for 70 percent of total global meth-
methane, nevertheless, has a clearly defined chemiegle emissions (EPA, 1993a; IPCC, 1996a). This sec-
feedback that decreases the effectiveness of the hjon summarizes the natural and anthropogenic sources
droxyl sink. As methane concentrations rise, less hysf methane.
droxyl is available to break down methane, producing
longer atmospheric methane lifetimes and highe2.1 Natural Methane Emissions
methane concentrations (IPCC, 1996a). In 1990, worldwide natural sources emitted 916 mil-
On average, the atmospheric lifetime for a methanIIon metric tons of carbon eqqulent (MMTCE,) or
60 Teragrams (Tg) of methane into the atmosphere,

molecule is 12.2 years (+ 3 years) before a natural sin

consumes it (IPCC, 1996a). This relatively short life 2" aboutt 30 percent of the total methane emissions

time makes methane an excellent candidate for mitﬂPCC’ 1996a). The leading natural methane sources

) . . . are described below in descending order of their con-
gating the impacts of global warming because emis-

sion reductions could lead to stabilization or reductiorﬁ”bu'[Ion to emissions (see Exhibit 1-2).
in methane concentrations within 10 to 20 years. Wetlands. Methane is generated by anaerobic (oxy-
gen poor) bacterial decomposition of plant material in

wetlands. Natural wetlands emit about 659 MMTCE
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Exhibit 1-2: Worldwide Natural and Anthropogenic Methane Emissions in 1990

Anthropogenic (70%) Natural (30%)

Other 4%
Livestock Manure 7%

Termites 13%
Enteric Fermentation 23%
Domestic Sewage 7%
Oceans 6%

Coal 8%
Other 9%

Landfills 11% Rice Paddies 16%

Biomass Burning 11% Wetlands 72%

Natural Gas and Oil 15%

Total = 2,150 MMTCE Total = 916 MMTCE

World Total = 3,066 MMTCE
Source: IPCC, 1995 and 1996a.

(115 Tg) of methane per year, which is 72 percent afeforestation for agriculture, than by climate change.
natural emissions and 20 percent of total global metffermites emit an estimated 115 MMTCE (20 Tg) of
ane emissions (IPCC, 1995). Methane emissions fromethane each year (IPCC, 1995).

wetlands I\;VI"f proba:blytln(;:rease Wk')t,h gl'obalb'vvlarmtl'ngOCeanS and Freshwaters The surface waters of the
as a result of accelerated anaerobic microbial activie ¢ oceans and freshwaters are slightly supersatu-

In addition, climate change models predict increase ted with methane relative to the atmosphere and

precipitation as global temperatures rise, which coul erefore emit an estimated 57 MMTCE (10 Tg) of

create more wetlands (EPA, 1993b). Tropical Wetfnethan e each year (IPCC, 1995). The origin of the
lands (between 20° N and 30° S) represent 17 perc

. e(ﬂlésolved methane is not known. In coastal regions it
of total wetland area and 60 percent of emissions fromay come from sediments and drainage. It also has

wetlands. These relatively high emissions are due. %)een suggested that methane is generated in the an-

higher temperatures, more precipitation and more "Nerobic gastrointestinal tracts of marine zooplankton

tense solar radiation, which encourage higher IOIar5fnd fish (EPA, 1993b). Methane in freshwaters can
growth and decomposition rates (EPA, 1993b). ’

result from the decomposition of wetland plants. (In
Northern Wetlands (those above 45° N) are usuallihis report, methane emissions from freshwaters are
underlain with near-surface permafrost that preventiscluded in the estimates for wetlands.) As atmos-
soil drainage and creates wetland conditions. Northeheric methane concentrations increase, the proportion
wetlands represent nearly 80 percent of the wetlaraf methane supersaturated in oceans and freshwaters
area and 35 percent of methane emissions from waetill decline relative to the atmospheric concentrations
lands (EPA, 1993b). of methane, assuming that the methane concentration

Termites. Microbes within the digestive systems ofIn oceans and freshwaters remains constant.

termites break down cellulose, and this process pr@sas Hydrates Methane is trapped in gas hydrates,
duces methane. Emissions from this source depend which are dense combinations of methane and ice lo-
termite population, amounts of organic material coneated deep underground and beneath the ocean floor.
sumed, species, and the activity of methane-oxidizinBecent estimates of hydrates suggest that around 44
bacteria. While more research is needed, some expdilion MMTCE (7.7 billion Tg) of methane is trapped
believe that future trends in termite emissions are mora both oceanic and continental gas hydrates (DOE,
influenced by anthropogenic changes in land use, i.1998). Scientists agree that increasing temperatures
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will eventually destabilize many gas hydrates, but arstock enteric fermentation and rice production. By

unsure about the timing and the amount of methareontrast, in the U.S., the two leading sources of meth-
emissions that would be released from the deeply buene emissions are landfills and natural gas and oil sys-
ied hydrates (EPA, 1993b). tems (see Exhibit 1-3). In 1997, the U.S. emitted 179.6

Permafrost Small amounts of methane are trapped iNMTCE (31.4 Tg) of methane, about 10 percent of

permafrost, which consists of permanently frozen soﬁ]IObaI methane emissions for that year (EPA, 1999).

and ice. (To be classified as permafrost, the ice ar;r e US. is the fourth-largest methane emitter after

soil mixture must remain at or below 0° Celsius yearg ina, Russia, and India (EPA, 1994).
round for at least two consecutive years.) Due to thEénteric Fermentation. Ruminant livestock emit

large amount of existing permafrost, the total amouninethane as part of their normal digestive process,
of methane stored in this form could be quite highduring which microbes break down plant material con-
possibly several thousand Tg (EPA, 1993b). Thisumed by the animal into material the animal can use.
methane is released when permafrost melts. Howevédethane is produced as a by-product of this digestive
no estimates have been made for current emissiopsocess, and is expelled by the animal. In the U.S.,
from this source. cattle emit about 96 percent of the methane from live-
stock enteric fermentation. In 1994, livestock enteric

Wildfires. Wildfires are primarily caused by lightning ; i duced 490 MMTCE (85 Ta) of meth
and release a number of greenhouse gases, includifig e auon produce ( g) of meth-

methane which is a product of incomplete combustiorf © , worldwide (IPCC, 199,5)' W,'th the §m|35|ons
However, no estimates are available for methane emi 9m|ng from the former SO_V iet Union, Brazil, ar?d !n-
sions from this source. ia (EPA, 1994). EPA estimates that U.S. emissions
from this source were 34.1 MMTCE (6.0 Tg) in 1997

(EPA, 1999). Under EPAs baseline forecast, livestock
enteric fermentation emissions in the U.S. will increase
to about 37.7 MMTCE (6.6 Tg) by 2020 (Exhibit 1-4).

Methane emissions from anthropogenic Sources agne projected increase is due to greater consumption
count for 70 percent of all methane emissions and @ meat and dairy products.

taled 2,150 MMTCE (375 Tg) worldwide in 1990 _ o o
(IPCC, 1996a). The leading global anthropogeniB'Ce Paddies Most of the world’s rice, including rice
methane sources are described below in descendifigthe United States, is grown on flooded fields where
order of magnitude. The two leading sources of arrganic matter in the soil decomposes under anaerobic

thropogenic methane emissions worldwide are liveconditions and produces methane. The U.S. is not a

2.2 Anthropogenic Methane
Emissions

Exhibit 1-3: U.S. Methane Emissions

U.S. Greenhouse Gas Emissions in 1997 Source Breakdown of 1997 U.S. Methane Emissions
Weighted by Global Warming Potential

Methane 10% )
Enteric

Nitrous Oxide 6% Fermentation 19%
HFCs, PFCs, SF; 2% Landfills 37%
Livestock
Manure 10%
Coal 10%
Other 4% .
Carbon Dioxide 82% Natural Gas and Oil 20%
Total = 1,814 MMTCE Total = 179.6 MMTCE
Source: EPA, 1999. Source: EPA, 1999.
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Exhibit 1-4: Baseline Methane Emissions in the United States (MMTCE)

Source 19902 1997a 2000 2010 2020
Landfills 56.2 66.7 51.4 52.0 411
Natural Gas Systems 32.9 335 35.6 37.9 38.8
Oil Systems 1.6 1.6 1.6 1.6 17
Coal Mining 24.0 18.8 23.9 28.0 30.4
Livestock Manure Management 14.9 17.0 18.4 22.3 26.4
Enteric Fermentation 32.7 34.1 352 36.6 37.7
Other? 7.3 7.4 7.8 7.6 7.6
Total 169.9 179.6 173.9 186.0 183.7

a Source: EPA, 1999.
b These estimates developed by EPA for the 1997 Climate Action Report (DOS, 1997).
Totals may not sum due to independent rounding.

major producer of rice and therefore emits little methburning produced 230 MMTCE (40 Tg) of methane
ane from this source. Worldwide emissions of methworldwide (IPCC, 1995). EPA estimates that U.S.
ane from rice paddies were 345 MMTCE (60 Tg) inemissions from this source were 0.2 MMTCE (0.03
1994 (IPCC, 1995), with the highest emissions comindg) in 1997 and that emissions will remain stable
from China, India, and Indonesia (EPA, 1994). EPAhrough 2020 (EPA, 1999).

estimates U.S. emssmns from  this sour'ce' at 2'IZandfiIIs. Landfill methane is produced when organic
MMT_C E 05 T 9) in 1997 and expects emissions tomaterials are decomposed by bacteria under anaerobic
remain stable in the future (EPA, 1999). conditions. In 1994, landfills produced 230 MMTCE
Natural Gas and Oil Systems Methane is the major (40 Tg) of methane worldwide (IPCC, 1995). EPA
component (95 percent) of natural gas. During proestimates that U.S. emissions from this source were
duction, processing, transmission, and distribution d86.7 MMTCE (11.6 Tg) in 1997 (EPA, 1999). The
natural gas, methane is emitted from system leakbaseline forecast is 41.1 MMTCE (7.2 Tg) from U.S.
deliberate venting, and system upsets (accidentdqndfills in 2020 (Exhibit 1-4). Landfill methane is the
Since natural gas is often found in conjunction withonly U.S. source that is expected to decline in the
petroleum, crude petroleum gathering and storadeaseline over the forecast period. This decline is due
systems are also a source of methane emissions. ténthe implementation of the New Source Performance
1994, natural gas systems worldwide emitted 23@tandards and Emissions Guidelines (the Landfill
MMTCE (40 Tg) of methane and oil systems emittedRule) under the Clean Air Act (March 1996). While
85 MMTCE (15 Tg) of methane (IPCC, 1995). EPAthe Landfill Rule controls greenhouse gas emissions
estimates that 1997 U.S. emissions were 33.Mhat form tropospheric ozone (smog), it also will lead
MMTCE (5.8 Tg) from natural gas systems and 1.6o lower methane emissions. The Landfill Rule re-
MMTCE (0.27 Tg) from oil systems (EPA, 1999). quires large landfills to collect and combust or use
EPA expects emissions from oil systems to remaifandfill gas emissions.

near 1997 levels through 2020. The baseline emissi@oaI Mining. Methane is trapped within coal seams

forecast is 38.8 MMTCE (6.8 Tg) from natural 9385;5nd the surrounding rock strata and is released during

systems in 2020 (Exhibit 1-4). The increase resu“éoal mining. Because methane is explosive in low

frp m higher consumption of natural gas and exloan(Eoncentrations, underground mines install ventilation
sions of the natural gas system.

systems to vent methane directly to the atmosphere. In
Biomass Burning Biomass burning releases green-1994, coal mining produced 170 MMTCE (30 Tg) of
house gases, including methane, but is not a majanethane worldwide (IPCC, 1995). EPA estimates that
source of U.S. methane emissions. In 1994, bioma&sS. emissions from this source were 18.8 MMTCE
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(3.3 Tg) in 1997 (EPA, 1999). EPASs baseline estimatpays for the costs of recovery and also can be cost-
indicates that emissions from coal mines could reackiffective even without accounting for the broader so-
30.4 MMTCE (5.3 Tg) by 2020 (Exhibit 1-4). The cial benefits of reducing greenhouse gases (GHG).

increase results from greater coal production fronéeginning in the early 1990s, EPA launched five vol-

deep mines. untary programs to promote cost-effective methane
Domestic Sewage The decomposition of domestic emission reductions:

sewage in anaerobic conditions produces methang. AgSTAR Program — works with livestock
Domestic sewage is not a major source of methane producers to encourage methane recovery
emissions in the U.S., where it is collected and proc-  from animal waste:

essed mainly in aerobic (oxygen rich) treatment plants.
In 1994, domestic sewage produced 145 MMTCE (2
Tg) of methane worldwide (IPCC, 1995). EPA esti-
mates that emissions from sewage in the U.S. were 0.9
MMTCE (0.2 Tg) in 1997 and expects emissions to _
increase only slightly by 2020 (EPA, 1999). This in-> Landfill Methane Outreach Program (LMOP)

crease will be due primarily to population increases. — Works W|th.states, mun|C|ng|t|es, utilities,
and the landfill gas-to-energy industry to col-

Livestock Manure Management The decomposi- lect and use methane from landfills;

tion of animal waste in anaerobic conditions produces \atural Gas STAR Program — works with the
methane. Over the last eight years, methane emissions companies that produce, transmit, and distrib-

from manure have generally followed an upward te natural gas to reduce leaks and losses of
trend. This trend is driven by: (1) increased swine and methane; and

poultry production; and (2) increased use of liqui
manure management systems, which create the an- (RLEP) — works with livestock producers to
aerobic conditions conducive to methane production. improve animal nutrition and management,
In 1994, manure management produced 145 MMTCE  {herepy boosting animal productivity and cut-
(25 Tg) of methane worldwide (|PCC, 1995) EPA tmg methane emissions.

estimates that U.S. emissions from this source we

Coalbed Methane Outreach Program (CMOP)
— works with the coal and natural gas indus-
tries to collect and use methane that is re-
leased during mining;

Ruminant Livestock Efficiency Program

17.0 MMTCE (3.0 Tg) in 1997 (EPA, 1999). Emis—ﬁnder these voluntary programs, industry partners
voluntarily undertake cost-effective efforts to re-

sions from livestock manure in the baseline are prog .o methane emissions. EPA works with part-
jected to increase to 26.4 MMTCE (4.6 Tg) by 202Q,er5 1o quantify the results of their actions and
(Exhibit 1-4) mainly due to increases in livestockaccount for reductions in historical methane emis-
population and milk production. sion estimates. One of the principal benefits of

these voluntary programs is the sharing of infor-

: . mation between government and industry and
3.0 OpthﬂS fOI’ Reducmg within industry on emissions, and emission reduc-

Methane Emissions tion opportunities and associated costs. These
programs have contributed significantly to EPA’s

One of the key elements of the U.S. Climate Changénderstanding of the opportunities for emission
Action Plan (CCAP) is the implementation of cost-reductions.

effective reductions of methane emissions througmany of these opportunities involve the recovery of
voluntary industry actioris. Because methane is a methane emissions and use of the methane as fuel for
valuable energy resource, recovering methane thalectricity generation, on-site heat uses, or off-site sales
normally would be emitted into the atmosphere angf methane. These actions represent key opportunities
using it for fuel reduces greenhouse gas emissiongy reducing methane emissions from landfills, coal
The methane saved from these voluntary actions oftgfjines, and livestock manure management. Other op-
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tions may include oxidizing or burning the methanesources: landfills, natural gas systems, coal mining,

emissions. Catalytic oxidation is a new technologynd livestock manure. The analyses are conducted for
potentially applicable at coal mines; flaring is an opthe years 2000, 2010, and 2020. EPA selected these
tion available at landfills and other sites. sources because well-characterized opportunities exist

The natural gas industry offers the most robust array 6?r cost-effective emission reduc‘t_loqs. The rgsults are
emission reduction options. The Natural Gas STAR! terms of gbated methg ne (emission reductions) that
Program has identified a number of best manageme% n be achieved at varlp us values of methane. The
practices for reducing leaks and avoiding venting otfo'[al value of methane is the su'm .Of s valqe as a
methane. In addition, partners in the program havgouree of energy and as an emission reduction of

employed a number of other strategies for reducinS’HG'

emissions. These strategies are described in the chiethane has a value as a source of energy since it is
ter on natural gas systems. the principal component of natural gas. Therefore,
Savoided methane emissions in natural gas systems are

have yet been identified for the ruminant livestoc vaI.ued in terms of dqllgrs per million British thermal
industry, where methane production is a natural b)}-m'ts ($MMB).  Similarly, .rr)ethane. also can be
product of enteric fermentation. The principal option combustgd o generate electricity and is valued in QOL
are improving the efficiency of feedlot operations anja‘rS per kilowatt-hour ($/kWh). The value of potential

animal feeds for ruminant livestock. Better feeds anH“lethane emission reductions is calculated relative to
' ?rbon equivalent units using methane’s 100-year
g

animal management can increase Yyields of meat af ) _
dairy products relative to methane production. obal warming potential (GWP) of 21 (IPCC, 1996a).
The value of abated methane, as well as other GHGs,
A principal benefit of the various voluntary programscan thus be stated in terms of dollars per metric ton of
is abundant information developed on the efficacy ofarbon equivalent ($/TCE). Throughout the analysis,
the emission reduction options and the costs of implemnergy market prices are aligned to $0/TCE. This
menting these options. EPA uses this information tQalue represents a scenario where no additional price
estimate the costs of reducing emissions. Partners dignals from GHG abatement values exist to motivate
the various voluntary programs are already undertalémission reductions; all reductions are due to re-
ing emission reduction efforts because they have begfionses to market prices for natural gas. As a value is
found to be cost-effective. While some of the emissiomaced on GHG reductions in terms of $/TCE, these
reduction options are cost-effective in some settingsalues are added to energy market prices and allow for

they are not in others, e.g., methane recovery and ugditional emission reductions to clear the market.
may be more cost-effective at large coal mines and

landfills than at small ones. In the next section thA benefit-cost analysis is applied to the opportunities

economics of decision making in the implementatior?Or emission reductions and is defined as:

of reduction options is discussed. » Benefits. Benefits are calculated from the
amount of methane saved by implementing the
options multiplied by the value of the methane

Conversely, few technology-specific reduction option

4.0 Economic Analysis of saved as its use as an energy resource; plus the
Reducing U.S. Methane value of methane as an emission reduction of
.. a GHG, if available;
Emissions

» Costs (including capital expenditures and
operation and maintenance expenses)The
costs of implementing specific reduction op-
tions are estimated for four of the five major
anthropogenic sources. The applied discount
rates are particular to each source-specific

This report presents the results of extensive benefit-
cost analyses conducted on the opportunities (tech-
nologies and management practices) to reduce meth-
ane emissions from four of the five major U.S.
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Because nearly all of the technologies and practices for
reducing methane emissions produce or save energy, ,ses $0.09/kWh
energy prices are a key driver of the cost analyses. The
value of the energy produced or saved offsets to vari-
ous degrees the capital and operating costs of reducing
the emissions. Higher energy prices offset a larger

analysis and set at eight percent for the aggre- savings are valued at $3.27/MMBtu (EIA,
gate analysi8. In the source-specific analyses, 1997).

different discount rates are used to determine ] ]
cost-effective reductions. » Livestock manure methane is used to generate

electricity for farm use and offset electricity
consumption from a utility grid. The analysis
for dairy farms and
$0.07/kWh for swine farms. These prices are
weighted averages of retail commercial elec-
tricity rates based on dairy and swine popula-
tions, respectively. The national average price

portion of these costs, and in some cases make the was discounted by $0.02/kWh to reflect the

technologies and practices profitaBle.

effects of interconnect and demand charges

In the source-specific analyses, energy market prices, and other associated costs.

in 1_996_ UsS. dollarg, are used to gstablish whethgr 3R order to incorporate methane emission reduction
option is cost-effective. These prices are established,,es into the analysis, various $/TCE values are

based on the following approaches:

>

1-8

translated into equivalent electricity and gas prices
For landfills, both electricity and natural gasusing the heat rate of the engine-generator (for elec-
prices are used in the analysis since landfilldricity), the energy value of methane (1,000 Btu/cubic
sell gas directly to consumers or use the refoot), and a GWP of 21. See individual chapters for
covered gas to generate electricity. For elecgreater detail.

tricity prices, the analysis uses an estimated

price '01_‘ $0.04/kWh tq rgpre.sent the value of5.0 Achievable Emission

electricity close to distribution systems and .

receiving a renewable energy premium. For Reductions and

natural gas, the price used is $2.74/MMBtu. Composite Marginal

In this case, the analysis uses the average in- Abatement Curve
dustrial gas price discounted by 20 percent to

adjust for the lower Btu content of landill gas The aggregate results of the analyses are presented in
(EIA, 1997). this section. Exhibit 1-5 shows estimated total U.S.
Coal mine methane is sold as natural gas teeductions at various values for abated methane in
interstate pipelines, used to generate electrich TCE. These reductions are the summation of
ity, or used on-site. For natural gas, coal mineource-specific results where different discount rates
methane is valued at $2.53/MMBtu, which isare applied to each source: 8 percent for landfills, 10
the average delivered price for natural gas inpercent for livestock manure management, 15 percent
Alabama, Indiana, Kentucky, and Ohio. Thefor coal mining, and 20 percent for natural gas sys-
electricity generated from coal mines is valuedems. For 2010, EPA estimates that up to 34.8
at $0.03/kWh to reflect the greater distanceMMTCE (6.1 Tg) of reductions are possible at energy
from distribution systems. market prices or $O/TCE. Consequently, methane
emissions could be reduced below 1990 emissions of

The set of energy prices for natural gas sys-

tems depends on where the emissions are ré§9'9 MMTCE (29.7 Tg) if many of the identified

duced. Production emission reductions are pporFunltles arg thoroughly implemented. At hlgher
. femlssmn reduction values, more methane reductions

valued at the average wellhead price 0could be achieved. For example, EPAs analysis indi

$2.17/MMBtu; transmission savings are val- ' P'e, Y

ued at $2.27/MMBtu: and distribution system cates that with a value of $20/TCE for abated methane
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Exhibit 1-5: U.S. Baseline Emissions and Potential Reductions (source-specific discount rates) (MMTCE)

MMTCE Tg 2000 2010 2020

@216GWP  CH, Cost-Effective Reductions Baseline Emissions 1739 186.0 1837
200 -35 ¢ Baseline Emissions Cumulative Reductions

172130 Emission Levels at at $0/TCE 30.8 34.8 35.0

Different $/TCE at $10/TCE 36.4 42.3 40.9

1a3-L25 e BN S $0 at $20/TCE 417 503 474

%20 at $30/TCE 54.6 61.7 58.7

11520 e S — $50 at $40/TCE 56.2 63.5 61.0

§ $100 at $50/TCE 59.5 66.9 64.8

86115 $200 at $75/TCE 64.3 719 70.7

57| at $100/TCE 67.2 74.9 74.0

Remaining Emissions at $125/TCE 68.4 76.2 75.5

29 at $150/TCE 68.7 76.5 75.9

at $175/TCE 69.0 76.8 76.2

0 at $200/TCE 69.2 77.0 76.5

1990 2000 2010 2020
Year

Remaining Emissions 1047 1089  107.2

added to the energy market price, U.S. reductiongete picture is revealed when the prevailing market
could reach 50.3 MMTCE (8.8 Tg) in 2010. prices for energy and GHG reductions are applied to

Exhibit 1-6 presents EPAs aggregate U.S. methan:%:e MAC to show the amount of available emissions

marginal abatement curve (MAC) for 2010 which is at clear thg market. Any “below-the-line” red_u ction
calculated using a discount rate of eight percenqmounts, with respect to $O/TCE, illustrate this dual

equally applied to all sources in order to properly conF-)”Ce-S'gn"jll market, i.e., energy market prices and

struct the curvé. The MAC illustrates the amount of EM>>0" reduction values.

reductions possible at various values for methane arithe MAC illustrates the following key findings. First,

is derived by rank ordering individual opportunities bysubstantial emission reductions, 36.8 MMTCE (6.4

cost per emission reduction amount (IPCC, 1996b)g), can be cost-effectively achieved, that is, at energy
Any point along a MAC represents the marginal costnarket prices with no additional emissions reduction

of abating an additional amount of methane. A comvalues or $0/TCE. Second, at $20/TCE and $50/TCE

Exhibit 1-6: Marginal Abatement Curve for U.S. Methane Emissions in 2010 (at an 8 percent discount rate)

$250
A
3
= $200 b - - - o ”
& O o~
© Observed Data S
< $150 | - - Ll > %
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3 13
2 $100 L - - - - o o O
> 45 £ =
& TOAMMTCE g =
= $/ TCE=30g102MNTCE — 60 S35
S $50 4 - - - - 3]
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o
z $0 Market Price
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©
>
($50) T T T T T T T
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Abated Methane (MMTCE)
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estimated reductions are 52.6 MMTCE (9.2 Tg) andtock manure contributes up to about one-fifth of the
70.0 MMTCE (12.2 Tg), respectively. Third, at reductions, primarily at higher energy prices and emis-

$100/TCE, achievable reductions are estimated at 75s%n reduction values.
Finally, above $100/TCE, the analysis are highlighted below:

MMTCE (13.2 TQ).
MAC becomes inelastic, that is, non-responsive t(g>
increasing methane values which indicates the limits of
the options considered. At higher energy and emission
reduction values, additional options, which have yet to
be developed, will likely become available. By not

estimating potential, future higher-cost options, this
analysis under-estimates the ability to reduce emis-
sions at higher values for abated methane. >

The MAC is based on approximately 160 observa-
tions. These results are from the benefit-cost analyses
conducted on the identified opportunities to abate
methane emissions.

An analytic approximation of the MAC is calculated in
order to make these results useful to larger economic
models concerned with GHG reduction costs. Th%
estimated relationship is obtained by using an expo-
nential trendline, expressing the relationship between
methane values/abatement costs and the quantity of
abated metharfe. This function is described as:
$/TCE = 30 exp [45/(102 — MMTCE)]-60.

Exhibit 1-7 illustrates the relative contribution of each
of the sources to reducing methane emissions. Of the
four sources, landfills contribute the most to the emis-
sion reductions, i.e., over one-quarter of the reductions:
Coal mining and natural gas systems each account for
about one-quarter of total emission reductions. Live-

Several key aspects of the

The methane recovery efficiency at landfills is
estimated at 75 percent for all landfills and is
assumed to remain constant. Below $0/TCE,
using the recovered methane directly in boil-
ers or similar equipment is more cost-effective
than producing electricity in most cases.

Because of the diverse sources of methane
emissions from natural gas systems, a large
number of technologies and practices are
evaluated. Among the options evaluated, re-
placing high-bleed pneumatic devices and
techniques for reducing emissions from com-
pressor stations are the most significant in
terms of cost-effective emission reductions.

The coal mine methane analysis includes a
catalytic oxidation technology for recovering

heat energy from the low concentration of
methane in coal mine ventilation air. This

technology becomes profitable at approxi-
mately $30/TCE, leading to substantial emis-
sion reductions from underground mining.

Below this value, methane recovery is the
primary method of reducing emissions.

The principal methods for reducing methane
emissions from livestock manure are to collect
and combust the methane that would other-

Exhibit 1-7: Portion of Emission Reductions from Each Source in 2010 (at an 8 percent discount rate) (MMTCE)

36.8 52.6 70.0

100% T~

80%

60% |~

40% -

Percent of Total Reduction

20%

$0 $20 $50

$/TCE

1-10

75.5 <« Total Reductions (MMTCE)

<+— Livestock Manure

. . . 'CoalMining

<+— Natural Gas

Landfills

$100
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wise be emitted from liquid manure manage-The economic benefits of pursuing a mitigation strat-
ment systems. Anaerobic digester technoloegy that includes methane is shown in Exhibit 1-8.
gies, the principal technology evaluated, prodllustrative MACs are presented for methane {CH

duce multiple benefits, including odor reduc-CO,, and for the summation of the two showing addi-
tion at swine farms as well as producing en+tional emission reductions with increases in $/TCE.

ergy for on-farm use. Given a reduction target, A*, for both gases, the total
cost of achieving that target is lower if available meth-

6.0 Significance of This ane reductions are included than if only ,G€duc-
An alysis tions are made. At increasing values for emission re-

ductions, more costly GQreductions can be substi-
OWted by lower cost methane reductions, when avail-
c;hble, thereby lowering the marginal cost, shown as the
movement from P to R and decreasing the total cost

To date, most economic analyses of GHG reducti
opportunities have focused on energy-related carb
emissions since GCrurrently accounts for about 82 )
percent of the total U.S. emissions (weighted by 10&he integral or area under the curve).
year global warming potentials) (EPA, 1999). The

analyses provided in this report can be integrated witlf .0 Backg round to This
CGO, economic analyses to provide a broader under- Report

standing of reducing the total cost of achieving GHG

emission reductions. Recent comprehensive studies E}S A's first major report on methane appeared in 1993
the Joint Program on the Science and Policy of GIOb%s Anthropogenic Methane Emissions in the United
Change, Massachusetts Institute of Technology (ReiII)étates Estimates for 1990, Report to Congress

1999) and the Augtralian Bureau for Agricultural and(1993a). This report was the first effort to increase
Resource Economics (Brown, 1999) show that a multl-eneral knowledge about methane emissions by pre-

gas mitigation strategy can reduce the costs of aChIegénting a detailed and comprehensive treatment of the

ing GHG emission reductions. Both of these studiegourCeS of methane emissions as part of the effort to

ut|I|zeq EPAs preliminary cost analysis on methanequ antify these emissions. Following this report, EPA
reductions (EPA, 1998).

published Opportunities to Reduce Anthropogenic

Exhibit 1-8: Illustrative MACs for Methane and Carbon Dioxide

co,

Energy Prices

Market Price

Value of Carbon Equivalent ($/TCE)

v

0 Abated GHG (MMTCE)
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Methane Emissions in the United States (EPA, 1993b).
For all major sources of methane emissions — landfills,
natural gas systems, coal mines, livestock manure, and
livestock enteric fermentation — this report described
the technologies available that could reduce emissions.
Using these technologies, the report estimated the
amount of emission reductions that would be techni-
cally feasible and the amount of emission reductions
that would be economically justified. The latter in-
cluded taking into account the value of methane (as a
fuel) as well as a value for emission reductions.

Since the publication of these reports, EPA has spon-
sored additional work in the estimation of baseline
emissions and the costs of emission reductions. These
efforts include, for example, a 15-volume report on
Methane Emissions from Natural Gas Systems co-
sponsored with the Gas Research Institute (EPA/GRI,
1996).

The information from the various voluntary programs
in addition to other research was used extensively in
the EPAs Costs of Reducing Methane Emissions in
the United States, Preliminary Report (EPA, 1998).
This report first developed the overall approach for
estimating the cost of emission reductions and was
reviewed by a number of industry and source experts.
Their subsequent recommendations as well as other
improvements have been incorporated into the current
document.
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9.0 Explanatory Notes

! The enhanced greenhouse effect is the concept that the natural greenhouse effect has been enhanced by anthropo-
genic emissions of greenhouse gases. Increased concentrations of carbon dioxide, methane, and nitrous oxide,
CFCs, HFCs, PFCs, gFand other photochemically important gases caused by human activities such as fossil fuel
consumption, trap more infra-red radiation, thereby exerting a warming influence on climate. Exhibit 1-1, which
illustrates relative contributions to the enhanced greenhouse effect by gas, is based on the increase in atmospheric
concentrations at each gas between pre-industrial times and 1992. This exhibit does not include methane’s indirect
effect of tropospheric ozone and stratospheric water vapor production, which are estimated to be equivalent to
about 25 percent of the direct effects.

2 Microbial communities in upper soils constitute a much smaller methane sink.

® The U.S. CCAP was initiated in 1993 and designed to reduce U.S. emissions of greenhouse gases. CCAP Pro-
grams promote actions that are both cost-effective for individual private sector participants as well as beneficial to
the environment.

“ In the construction of a national or aggregate marginal abatement curve, a single discount rate is applied to all
sources in order to equally evaluate various options. Given a particular value for abated methane, all options up to
and including that value can be cost-effectively implemented. An eight percent discount rate, the lowest in the
range of the source-specific rates (8 to 20 percent), is used since it is closer to social discount rates employed in
national level analyses. The results from the single, eight percent discount rate analysis are slightly higher than the
results where source-specific discount rates are used because a lower discount rate reduces project costs enabling
additional reductions.

® The effects of energy price changes are analyzed only from the revenue side and do not consider effects to capital
and O&M expenses. Therefore, the projected methane reductions may be overestimated for increases and underes-
timated for decreases to energy prices.

® For the estimated relationship, $/TCE = 30 exp [45/(102 — MMTCE)] - 60, the regression analysis yieltiefl an R
0.95. Conversely, the relationship also can be expressed in standard economic terms as the quantity of abated
methane as a function of price ($/TCE): MMTCE = 102 — 45/In [($/TCE+60)/30].

U.S. Environmental Protection Agency - September 1999 Introduction 1-15






Appendix |: Supporting Material for
Composite Marginal Abatement
Curve

This appendix presents the data EPA used to develop the composite marginal abatement curve (MAC). The first
section summarizes the incremental emissions reductions associated with each source, i.e., landfills, natural gas
systems, coal mining, and livestock manure. The second section presents the approach to fit an equation to the
MAC data.

I.1 Estimates for Composite Marginal Abatement Curve

This section presents estimates of the incremental emission reductions for each combination of carbon equivalent
value and methane source. Exhibit I-1 presents these estimates. The exhibit also includes the cumulative
emission reductions. These cumulative emission reductions form the composite MAC for 2010.

Exhibit I-1: Composite Marginal Abatement Curve Schedule of Options for 2010

Value of . Value of .
Carbon Incremgntal Cumula}twe Carbon Incremgntal Cumulthe
Equivalent Reductions Source Reductions Equivalent Reductions Source Reductions

sTcE | (MMTCE) (MMTCE) sTcE  (MMTCE) (MMTCE)
($30.00) 0.29 Manure-Dairy 0.29 ($16.32) 0.25 Coal 13.91
($30.00) 1.23 Manure-Swine 1.52 ($16.00) 0.98 Natural Gas 14.89
($23.72) 0.45 Natural Gas 1.98 ($15.74) 0.19 Natural Gas 15.08
($23.62) 0.23 Natural Gas 2.20 ($15.67) 0.09 Natural Gas 15.17
($23.24) 0.64 Natural Gas 2.85 ($15.11) 0.73 Natural Gas 15.89
($23.01) 0.12 Natural Gas 2.96 ($14.45) 0.05 Natural Gas 15.95
($22.95) 0.24 Natural Gas 3.20 ($14.41) 0.35 Natural Gas 16.30
($20.85) 0.32 Natural Gas 352 ($14.14) 0.41 Coal 16.71
($20.00) 0.77 Manure-Dairy 4.29 ($14.02) 0.14 Natural Gas 16.86
($19.86) 0.33 Natural Gas 4.62 ($13.41) 0.29 Coal 17.15
($19.77) 0.42 Natural Gas 5.04 ($12.17) 0.90 Natural Gas 18.04
($19.51) 0.87 Coal 591 ($11.78) 0.31 Coal 18.35
($19.32) 1.63 Natural Gas 7.54 ($11.50) 0.26 Coal 18.61
($19.18) 0.01 Natural Gas 7.55 ($11.32) 0.41 Coal 19.02
($19.14) 0.79 Coal 8.34 ($11.01) 0.20 Natural Gas  19.22
($19.13) 0.59 Natural Gas 8.93 ($10.65) 0.04 Natural Gas 19.27
($18.96) 1.63 Coal 10.55 ($10.59) 0.16 Coal 19.43
($18.87) 0.77 Coal 11.32 ($10.50) 0.42 Coal 19.84
($18.69) 0.57 Coal 11.89 ($10.39) 0.65 Natural Gas  20.49
($18.42) 0.48 Coal 12.37 ($10.28) 0.02 Natural Gas  20.52
($16.86) 0.39 Natural Gas 12.76 ($10.00) 0.62 Manure-Dairy ~ 21.14
($16.70) 0.43 Natural Gas 13.20 ($9.51) 0.04 Natural Gas 21.18
$16.41) 0.47 Coal 13.67 ($9.23) 0.19 Coal 21.37
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Exhibit I-1: Composite Marginal Abatement Curve Schedule of Options for 2010 (continued)

Value of . Value of .
Carbon Increme_ntal Cumula}twe Carbon Incremgntal Cumula}t|ve
Equivalent Reductions Source Reductions Equivalent Reductions Source Reductions
$/TCE (MMTCE) (MMTCE) $/TCE (MMTCE) (MMTCE)
($9.16) 0.56 Natural Gas 21.93 $12.41 0.09 Coal 43.32
($7.87) 0.47 Coal 22.40 $12.78 0.11 Coal 43.43
($7.68) 0.38 Coal 22.78 $12.87 0.09 Coal 43.52
($7.50) 0.39 Natural Gas 23.17 $14.32 0.03 Coal 43.55
($6.92) 0.06 Natural Gas 23.24 $15.60 0.16 Coal 4371
($6.77) 0.33 Coal 23.57 $16.23 0.07 Coal 43.78
($6.50) 0.09 Coal 23.66 $16.51 0.14 Coal 43.92
($6.23) 0.22 Coal 23.88 $16.78 0.11 Coal 44.03
($4.77) 0.34 Coal 24.21 $16.87 0.03 Coal 44.06
($3.80) 0.01 Natural Gas 24.22 $17.51 0.09 Coal 44.15
($3.23) 0.20 Coal 24.42 $18.42 0.06 Coal 44.21
($2.50) 0.14 Coal 24.56 $18.71 0.06 Natural Gas 44.27
($1.61) 0.01 Natural Gas 24.57 $18.84 0.35 Natural Gas 44.63
($1.41) 0.17 Coal 24.74 $18.84 0.22 Natural Gas 44.84
($1.32) 0.07 Coal 24.81 $19.06 0.14 Natural Gas 44.98
($0.86) 0.27 Coal 25.07 $19.69 0.06 Coal 45.04
($0.82) 0.60 Natural Gas 25.67 $20.00 0.20 Manure-Dairy ~ 45.24
($0.59) 0.03 Coal 25.70 $20.00 1.54 Manure-Swine  46.78
($0.05) 0.10 Coal 25.80 $20.00 5.79 Landfills 52.57
$0.00 0.50 Manure-Dairy 26.30 $21.14 0.04 Coal 52.62
$0.00 10.55 Landfills 36.85 $21.51 0.02 Coal 52.63
$0.41 0.06 Coal 36.91 $22.87 0.07 Coal 52.70
$0.95 0.16 Coal 37.07 $23.96 0.05 Coal 52.75
$1.05 0.07 Coal 37.13 $24.51 0.03 Coal 52.77
$1.32 0.25 Coal 37.38 $24.65 0.00 Natural Gas 52.77
$2.05 0.15 Coal 37.53 $27.87 0.06 Coal 52.83
$3.51 0.15 Natural Gas 37.68 $29.70 6.28 Coal 59.10
$4.96 0.02 Coal 37.70 $30.00 0.18 Manure-Dairy 59.28
$5.23 0.24 Coal 37.94 $30.00 2.28 Manure-Swine  61.57
$5.25 0.02 Natural Gas 37.96 $30.00 1.22 Landfills 62.79
$6.45 0.14 Natural Gas 38.10 $31.59 0.51 Natural Gas 63.30
$6.58 0.04 Natural Gas 38.14 $35.52 0.77 Natural Gas 64.07
$6.60 0.10 Natural Gas 38.24 $35.52 0.00 Natural Gas 64.07
$7.19 0.03 Natural Gas 38.27 $38.14 0.87 Natural Gas 64.94
$7.62 0.21 Natural Gas 38.47 $38.60 0.42 Natural Gas 65.36
$9.32 0.18 Coal 38.65 $39.77 0.00 Natural Gas 65.36
$9.59 0.03 Coal 38.68 $40.00 0.16 Manure-Dairy ~ 65.52
$10.00 0.31 Manure-Dairy 39.00 $40.00 1.45 Manure-Swine  66.97
$10.00 0.12 Manure-Swine  39.11 $40.00 0.29 Landfills 67.26
$10.00 3.89 Landfills 43.01 $40.88 0.00 Natural Gas 67.26
$11.23 0.03 Coal 43.04 $45.21 0.94 Natural Gas 68.20
$11.41 0.04 Coal 43.08 $47.09 0.32 Natural Gas 68.52
$11.69 0.07 Coal 43.14 $47.54 0.02 Natural Gas 68.54
$12.04 0.00 Natural Gas 43.14 $50.00 0.16 Manure-Dairy 68.70
$12.14 0.09 Coal 43.23 $50.00 1.18 Manure-Swine  69.88
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Exhibit I-1: Composite Marginal Abatement Curve Schedule of Options for 2010 (continued)

Value of . Value of .
Carbon Incremgntal Cumula}twe Carbon Incremgntal Cumula}twe
Equivalent Reductions Source Reductions Equivalent Reductions Source Reductions
$/TCE (MMTCE) (MMTCE) $/TCE (MMTCE) (MMTCE)
$50.00 0.11 Landfills 69.98 $100.00 0.02 Landfills 75.54
$52.10 0.67 Natural Gas 70.65 $113.08 0.12 Natural Gas 75.66
$56.12 0.56 Natural Gas 71.22 $116.47 0.45 Natural Gas 76.10
$65.77 0.00 Natural Gas 71.22 $125.00 0.30 Manure-Dairy  76.41
$75.00 0.42 Manure-Dairy ~ 71.63 $125.00 0.08 Manure-Swine  76.49
$75.00 2.77 Manure-Swine  74.40 $140.29 0.01 Natural Gas 76.50
$75.00 0.05 Landfills 74.45 $150.00 0.27 Manure-Dairy ~ 76.77
$76.24 0.08 Natural Gas 74.53 $166.22 0.03 Natural Gas 76.80
$95.34 0.21 Natural Gas 74.74 $175.00 0.23 Manure-Dairy ~ 77.03
$95.47 0.00 Natural Gas 74.74 $188.35 0.07 Natural Gas 77.10
$100.00 0.38 Manure-Dairy ~ 75.12 $200.00 0.19 Manure-Dairy ~ 77.29
$100.00 0.40 Manure-Swine 75.52

.2 Equation for Composite Marginal Abatement Curve

The relationship between the additional value of carbon equivalent ($/TCE) and the cumulative emission
reductions, i.e., abated methane in MMTCE is shown in Exhibit 1I-2. The cumulative emission reductions
increases relatively slowly as a function of the value of carbon equivalent. As the cumulative emission reductions
reach about 75 MMTCE, the reduction plateau and cannot be further abated at higher $/TCE values. In order to
represent the steepness of the curve at values close to 75 MMTCE, EPA determined a best-fit curve based on the
data points. This equation is defined by:

y = parameter * exp [parameter/ (max —x)] offset

where:

y = additional value of carbon equivalent ($/TCE)

X = cumulative emission reductions (MMTCE)

parameter, parameter, offset, and max = determined parameters

All values of, i.e., cumulative emission reductions, must be less than the value of max. This curve has the
property that as the value increases to the value of max, yhealue will tend to infinity, so the curve will
approximate the steep rise at the maximuwalue.

EPA used the method of least squares to find the best fitting curve. This method estimates the parameters by
minimizing the mean square error (MSE), i.e., the average squared difference between the actual and fitted values
ofy. MSE = (actuay fitted y)*/ n, wheren is the number of pairs, i.e., 159 pairs of abated methane and
additional value of carbon equivalent. The minimum MSE is 68.6. The fitted parameters are:

offset = 60
parameter = 30
parameter= 45
max = 102
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The resulting equation is given by:
y =30 x* exp [45/(102¢)] - 60

The squared correlation coefficient (R squared) between the actual and predicted yailsi€s98f showing a
reasonably good fit on a scale of zero to one, one being a perfect fit. Although the model was fitted using the
method of least squares, the optimum least squares solution for this problem is also the solution with the
maximum possible R squared. Exhibit -2 presents the 159 data points and the fitted curve.

Exhibit II-2: Marginal Abatement Curve for U.S. Methane Emissions in 2010
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