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EXECUTIVE SUMMARY: BACKGROUND AND FINDINGS

An important erironmental challege facirg the United States (US) manayement of
municipal solid waste (MSW)n 1996, the U$enerated 21illion tons of MSW? percapita
MSW generation rates la risen throghoutmost of the last decade. At thergatime, the US
recaynizes clmate chage as a potentiaflserious issue, and isnearking on a nuber of actions
to reduce theraissions ofgreenhousgases (GHGSs) that can cause it. This reponmaxas how
the two issues — MS\Whanajement and clinate chage — are related ylpresentig material—
specific GHG aission factors for various wasteanagenent options.

Among the efforts to slow the potential formiate chage aremeasures to reduce
emissions of carbon dioxide froenepgy use, reducenethane missions, and chae forestry
practices to pnmote lorg-tem storage of carbon in trees. Differemtanayement options for
MSW provide mary opportunities to affect thesemsa processes, diregtor indirectly. This
report int@rates, for the first the, a wealth of infanation on GHG mplications ofvarious
MSW manaement options for sme of themost canmon materials in MSW and fomixed
MSW andmixed regclables. The repdstfindings may be used to suppovbluntary reportirg of
emission reductions fim wastemanaement practices.

ES.1 GREENHOUSE GASES AND CLIMATE CHANGE

Climate chage is a serious international\@ronmental concern and the gebt ofmuch
research and debate. Maif not most, of the readers of this report wilesageneral
understandig of thegreenhouse effect and wiate chage. However, for those who are not
familiar with the topic, a brief explanation follows.

A naturall occurrirg shield of ‘greenhousgases" (pmnarily watervapor, carbon
dioxide,methane, and nitrous oxide),mprising 1 to 2 percent of the Ealstatmosphere, traps
radiant heat frm the Earth and helps warthe planet to a eofortable, livable tenperature
range. Without this naturaldreenhouse effect," theverage tamperature on Earth would be
approximately 5 dgyrees Fahrenheit, rather than the current @Peds Fahrenhett.

' U.S. EPA Office of Solid Wast&haracterization of Municipal Solid Waste in the United
States: 1997 Updaté&PA 530-R-9-001, p. 26.

? For more detailed information on climate change, pleasgrse®raft 1998 Inventory of US
Greenhouse Gas Emissions and Sinks: 1990-1®&p://www.epa.gov/globalwarming/inventory/1998-
inv.html) (March 1998); an€limate Change 1995: The Science of Climate Ch&hgde Houghtonet al,
eds.; Intergovernmental Panel on Climate Change [IPCC]; published by Cambridge University Press,
1996). To obtain a list of additional documents addressing climate change, &Aall@Eimate Change
"FAX on Demand at (202) 260-2860 or access EP§lobal warming web site at
www.epa.gov/globalwarming.

° Climate Change 1995: The Science of Climate Chgopecit), pp. 57-58.
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Many scientists, however, are alarmed by a significant increase in the concentration of
carbon dioxide and other GHGs in the atmosphere. Since the pre-industrial era, atmospheric
concentrations of carbon dioxide have increased by nearly 30 percent and methane
concentrations have more than doubled. There is a growing international scientific consensus that
this increase has been caused, at least in part, by human activity, primarily the burning of fossil
fuels (coal, oil, and natural gas) for such activities as generating electricity and drivifig cars.

Moreover, there is a growing consensus in international scientific circles that the buildup
of carbon dioxide and other GHGs in the atmosphere will lead to major environmental changes
such as: (1) rising sea levels (that may flood coastal and river delta communities); (2) shrinking
mountain glaciers and reduced snow cover (that may diminish fresh water resources), (3) the
spread of infectious diseases and increased heat-related mortality, (4) impacts to ecosystems and
possible loss in biological diversity, and (5) agricultural shifts such as impacts on crop yields and
productivity. Although it is difficult to reliably detect trends in climate due to natural variability,
the best current predictions suggest that the rate of climate change attributable to GHGs will far
exceed any natural climate changes that have occurred during the last 10,080 years.

Many of these changes appear to be occurring already. Global mean surface temperatures
have already increased by about 1 degree Fahrenheit over the past century. A reduction in the
Northern Hemisphere's snow cover, a decrease in Arctic sea ice, a rise in sea level, and an
increase in the frequency of extreme rainfall events have all been docufhented.

Such important environmental changes pose potentially significant risks to humans,
social systems, and the natural world. Of course, many uncertainties remain regarding the precise
timing, magnitude, and regional patterns of climate change and the extent to which mankind and
nature can adapt to any changes. It is clear, however, that changes will not be easily reversed for
many decades or even centuries because of the long atmospheric lifetimes of the GHGs and the
inertia of the climate system.

ES.2 WHAT IS THE UNITED STATES DOING ABOUT CLIMATE CHANGE?

In 1992, world leaders and citizens from some 200 countries met in Rio de Janeiro,
Brazil to confront global ecological concerns. At this "Earth Summit,” 154 nations, including the
United States, signed the Framework Convention on Climate Change, an international agreement
to address the danger of global climate change. The objective of the Convention is to stabilize
GHG concentrations in the atmosphere at a level, and over a time frame, that will minimize man-
made climate disruptions.

By signing the Convention, countries make a voluntary commitment to reduce GHGs or
take other actions to stabilize emissions of GHGs at 1990 levels. All parties to the Convention
are also required to develop, and periodically update, national inventories of their GHG
emissions. The US ratified the Convention in October 1992. One year later, President Clinton
issued the UElimate Change Action PIafCCAP), which called for cost-effective domestic

“1bid., pp. 3-5.
°Ibid., pp. 6, 29-30, 156, and 371-372.

®Ibid., pp. 26, 29-30, 156, and 171.
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actions and voluntary cooperation with states, local governments, industry, and citizens to reduce
GHG emissions.

Countries that ratified the Framework Convention on Climate Change met in Kyoto,
Japan in December 1997, where they agreed to reduce global greenhouse gas emissions and set
binding targets for developed nations. (For example, the emissions target for the US would be 7
percent below 1990 levels.) As of the publication of this report, the Kyoto agreement remains to
be signed by the President and ratified by the US Senate; meanwhile, EPA continues to promote
voluntary measures to reduce GHG emissions begun under the CCAP. The countries that ratified
the Framework Convention will meet again in Buenos Aires in November, 1998, where the US
will attempt to secure meaningful participation by developing countries.

The CCAP outlines over 50 voluntary initiatives to reduce GHG emissions in the US.
One of the initiatives calls faccelerated source reduction and recycling of municipal solid
wastethrough combined efforts by EPA, the Department of Energy, and the Department of
Agriculture. Another waste related initiative is the Landfill Methane Outreach Program, which
aims to reduce landfill methane emissions by facilitating the development of landfill gas
utilization projects.

ES.3 WHAT IS THE RELATIONSHIP OF MUNICIPAL SOLID WASTE TO
GREENHOUSE GAS EMISSIONS?

What does municipal solid waste have to do with rising sea levels, higher temperatures,
and GHG emissions? For many wastes, the materials that we dispose represent what is left over
after a long series of steps including: (1) extraction and processing of raw materials; (2)
manufacture of products; (3) transportation of materials and products to markets; (4) use by
consumers; and (5) waste management.

At virtually every step along this "life cycle," the potential exists for GHG impacts.
Waste management affects GHGs by affecting one or more of the following:

Q) Energy consumption (specifically, combustion of fossil fuels) associated with
making, transporting, using, and disposing the product or material that becomes
a waste.

(2) Non-energy-related manufacturing emissions, such as the carbon dioxide
released when limestone is converted to lime (which is needed for aluminum and
steel manufacturing).

3) Methane emissions from landfills where the waste is disposed.

(4) Carbon sequestration, which refers to natural or man-made processes that
remove carbon from the atmosphere and store it for long time periods or
permanently. A store of sequestered carbon (e.g., a forest or coal deposit) is
known as a carbon sink.

"The Landfill Methane Outreach Program is a voluntary partnership between the EPA, state
agencies, landfill gas-to-energy developers and energy users. The program has an Internet home page
(http:/mwww.epa.gov/landf.html), and can be reached via a toll-free hotline number (1-800-782-7937).
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The first three mechanisms add GHGs to the atmosphere and contribute to global
warming. The fourth - carbon sequestration - reduces GHG concentrations by removing carbon
dioxide from the atmosphere. Forests are one mechanism for sequestering carbon; if more wood
is grown than is removed (through harvest or decay), the amount of carbon stored in trees
increases, and thus carbon is sequestered.

Different wastes and waste management options have different implications for energy
consumption, methane emissions, and carbon sequestration. Source reduction and recycling of
paper products, for example, reduce energy consumption, decrease combustion and landfill
emissions, and increase forest carbon sequestration.

ES.4 WHY EPA PREPARED THIS REPORT AND HOW IT WILL BE USED

Recognizing the potential for source reduction and recycling of municipal solid waste to
reduce GHG emissions, EPA included a source reduction and recycling initiative in the original
1994 CCAP. At that time, EPA estimated that its portion of the source reduction and recycling
initiative could reduce annual GHG emissions by roughly 5.6 million metric tons of carbon
equivalent (MTCE) by the year 2000, or about 5 percent of the overall goal of the Action Plan.
To make these projections, EPA used limited data on energy consumption and forest carbon
sequestration to estimate how a 5 percent increase in both source reduction and recycling would
affect GHG emissions in 2000.

It was clear then that a rigorous analysis would be needed to more accurately gauge the
total GHG emission reductions achievable through source reduction and recycling. Moreover, it
was clear that all of the options for managing MSW should be considered. By addressing a
broader set of MSW management options, a more comprehensive picture of the GHG benefits of
voluntary actions in the waste sector could be determined and the relative GHG impacts of
various waste management approaches could be assessed. To this end, the Office of Policy and
the Office of Solid Waste launched a major research effort.

This research effort has been guided by contributions from many reviewers participating
in three review cycles (as described in Background Document C). The first draft report was
reviewed in 1995 by 20 EPA analysts from four offices (Air and Radiation; Policy; Research and
Development; and Solid Waste) as well as analysts from the US Department of Energy and US
Department of Agriculture, Forest Service. Comments resulting from these reviews were
incorporated into a second draft of the report, completed in May 1996.

The 1996 draft was distributed to four researchers with academic and consulting
backgrounds for a more intensive, external peer review. Based on their comments, another draft
of the report was completed in March of 1997.

In March, 1997, EPA published the draft research in a report eritieehhouse Gas
Emissions from Municipal Waste Management: Draft Working Pé&pRA530-R-97-010). As
described in an accompanying Federal Register notice, public comment was solicited on the draft
working paper.

This final report reflects comments from 23 individuals, representing trade associations,

universities, industry, state offices, EPA offices, and other entities. Among the groups that
provided detailed comments were:
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* The American Forest and Paper Association,

« The American Plastics Council,

e The Steel Regling Institute,

* Thelntegrated Waste Seices Association,

« The Minnesota Office of Bironmental Assistance, and
* The Missouri Depanmtent of Natural Resources.

Each conment on the draft wéing paper is specificalldiscussed in a cament response
document, which is gailable in the public ddet (F97-GGEA-FFFFF). For each cament
receved, the conment response doment summarizes both the aconment and EPA response.
Among the chagesmade as a result of thisuview, EPA

* added twamaterials to the angdis —mixed paper andlass,

* revised ystam efficiencies for waste eobustors, and praded a separate
charactedation of refusederived fuel (RDF) as a cajery of cambustion,

* based GHG reductions frodisplaced electrigiton GHGs fron fossiHuel-fired
generation, rather than fmothe national @erage mix of fuels.

Each of these chagas is discussed more detail later in this repoiin addition, this report
updatesmary of the inputs to the calculations (such asdlobal waming potential forvarious
greenhousegases), and us@sore recent infanation on waste aoposition and reycling rates.

The primary application of the GHGmaission factors in this report is to supporn@ie
charge mitigation accountig for wastemanajement practices. @anizations interested in
qguantifying and voluntarily reporting GHGnession reductions associated with waste
manajement practicesnay use thesemission factors for that purpod@. corjunction with the
Departnent of Enegy, EPA has used thesmission factors to deelopguidance fowoluntary
reportirg of GHG reductions, as authorizeg Gorgress in Section 1605 (b) of the EgePolicy
Act of 1992. EPA also plans to use thesgssion factors toaluate its prgress in reducig US
GHG anmissions — lg promoting source reduction and ngding throwgh voluntaly programs such
as WasteWis$e and asYou-Throw (PAYT) — as part of the US CCAP. Timethodolay
presented in this repamay also assist other countrievatved in deeloping GHG emissions
estimates for their solid waste streg®

ES.5 HOW WE ANALY ZED THE IM PACT OF MUNICI PAL SOLID WASTE ON
GREENHOUSE GAS EMISSIONS

To measure the GHGnpacts ofmunicipal solid waste (MSW), omaust first decide
which wastes to angte. We sweyed the unierse ofmaterials and products found in MSW and
detemined which weremost likely to have thegreatestinpact on GHGs. These dat@nations
were based on (1) the quantienerated, (2) differences in egguse formanufacturilg a
product fran virgin versus regcled inputs, and (3) the potential contributiom@terials to
methanegeneration in landfills. B this process, werhited the analsis to the followiig 11
items:

& Note thatwaste canposition and product lifeycles vay significanty anong countriesThis
reportmay assist dier caintries by providing amethodologic framework and benchmark datafor
developing GHG miission estinates for their solidvaste strems.
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newspaper,

office paper,

corrugated cardboard,

aluminum cans,

steel cans,

glass containers,

HDPE (high density polyethylene) plastic,
LDPE (low density polyethylene) plastic,
PET (polyethylene terephthalate) plastic,
food scraps, and

yard trimmings.

The foregoing materials constitute 55 Exhibit ES-1 '
percent, by weight, of municipal solid waste, as Percentage of 1996 US Generation of
shown in Exhibit ES-£We also examined the MSW for Materials in This Report
GHG implications of managing mixed MSW, Percentage of
mixed recyclables, and mixed paper. MSW Generation

Material (by Weight)
i . Newspaper 5.9%
Mixed MSWs comprised of the ,
) ; ) Office paper 3.2%
waste material typically discarded lyy .
households and collected by curbsjielrugated cardboard 13.8%
collection vehicles; it does not Aluminum cans 0.8%
include white goods or industrial | Steel cans 1.3%
waste. This report analyzes mixed | Glass containers 5.3%
MSW on an "as disposed" (rather [ HDPE plastic* 0.6%
than "as generated") basis. LDPE plastic* 0.01%
Mixed recyclablesre materials that| PET plastic* 0.5%
are typically recycled. As used in thj§ood scraps 10.4%
report, the term includes the items | yard trimmings 13.4%
listed in Exhibit ES-1, except food |TtoTAL 55%

scraps and yard trimmings. The S i Accociatos Lid
S : ource: Franklin Associates, Ltd.,
emission factors reported for mixed Characterization of Municipal Solid Waste in the

recyclables represent the average  ynited States: 1997 UpdatePA 530-R-98-007
GHG emissions for these materials, (May 1998)

weighted by the tonnages at which * Based on blow-molded containers.
they are recycled.

Mixed papetis recycled in large quantities, and is an important class of scrap
material in many recycling programs. However, it is difficult to present a single
definition of mixed paper because each mill using recovered paper defines its own
supply which varies with the availability and price of different grades of paper.
Therefore, for purposes of this report, we identified three different definitions for

°Note that these data are based on national averages. The composition of solid waste varies locally
and regionally; local or state-level data should be used when available. In recognition of the variability in
local conditions, EPA is developing the WAste Reduction Model (WARM), which may be used to estimate
the GHG emissions of MSW management actions on a local and state level. For more information on the
WARM model, contact the RCRA Hotline ai8D0-424-9346.
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mixed paper accordgto their doninant source — broadéneral sources), office, and
residential.

Next, we deeloped a stredlined life ¢/cle inventol for each of the selectedaterials.
Our anaysis is stremlined in the sense that it exanes GHG enissions ony, and is not anore
comprehenste ervironmental analsis of all enissions fran municipal solid wastenanajement
options®’

We focused on those aspects of the lifele that hae the potential toreit GHGs as
materials chage from their raw states, to products, to waste. Exhibi?ZEshows the steps in the
life cycle at which GHGs aremgtted, carbon sequestration is affected, and yi#itegy is
displaced. As shown, we exied the potential for these effects at the follaypoints in a
products life gycle:

» rawmaterial acquisition (fossil fuel erggr and other missions, and chae in forest
carbon sequestration);

« manufacturirg (fossil fuel enegy emissions); and

* wastemangement (carbon dioxidemaissions associated with imbustion and
methane missions fran landfills; these missions are offset to s® degree by
avoided utility fossil fuel use and carbon sequestration in landfills).

At each of these points, we also considered transportaiated enagy emissions.

GHG anmissions associated with electriciised in the rawnaterials acquisition and
manufacturiig steps are estiated based on the curramix of enegy sources, includigfossil
fuels, tydropower, and nuclear power. Hovee, estmates of GHG mission reductions
attributable to utiliy emissions &oided fran wastemanayement practices are based spleh the
reduction of fossil fuel usk.

We did not anafze the GHG missions associated with comser use of products
because engy use for the selectedaterials is mall (or zero) at this point in the lifeycle. In
addition, the en@y consumed durirg use would be appraxiately the sane whether the product
wasmade fran virgin or reg/cled inputs.

To appl the GHG estnates deeloped in this report, ormaust canpare a baseline
scenario with an alterna® scenario, on a lifeycle basis. For exaple, one could aompare a
baseline scenario, where 10 tons of office papemaisufactured, used, and landfilled, to an
alternatve scenario, where 10 tonsnmnufactured, used, and yeted.

' EPAs Office of Research and Development (ORD) is performing a more extensive application
of life cycle assessment for various waste management options for MSWs @®ilysis will inventory a
broader set of emissions (air, water, and waste) associated with these options. For more information on this
effort, go to their project website at http://www.epa.gov/docs/crb/apb/apb.htm.

" We adoptedris approah based o suggestbns from several ommenterswho arguedthat fossil

fuels should be regarded as tharginal fuel displacedybwaste-to-enengand landfill gas recovery
systems.
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Exhibit ES-2

GHG Sources and Sinks Associated with Materials in the MSW Stream

Inputs Life Cycle Stage'
Ore, trees, Raw Materials
petroleum, ——|  Acquisition
energy, etc.
Energy ——| Manufacturing f——p-
!
=
t Waste
Management
Energy ——————p

Composting )=~
Commar)——>

Landfilling )———————Jp

"Note that source reduction affects all stages in the life cycle.
?All life cycle stages analyzed include transportation energy-related emissions.

In calculating emissions for the scenarios, two different reference points can be used:

* With a "raw material extraction" reference point (i.e., cradle-to-grave perspective),
one can start at the point of raw material acquisition as the "zero point" for
emissions, and add all emissions (and deduct sinks) from that point on through the

life cycle.

* With a "waste generation" reference point (solid waste manager's perspective), one
can begin accounting for GHG emissions at the point of waste generation. All
subsequent emissions and sinks from waste management practices are then
accounted for. Changes in emissions and sinks from raw material acquisition and
manufacturing processes are captured to the extent that certain waste management

GHG Emissions/Carbon Sinks’

Energy-related emissions
Non-energy related emissions
Change in carbon storage in forests

Energy-related emissions
(captures process and transportation energy
associated with recycling)

Energy-related emissions
Change in carbon storage in soils

CO, emissions from plastics
N,O emissions
Credit for avoided fossil fuel use

CH,4 emissions
-Uncontrolled

-Flared or recovered for energy (converted to CO;)

-Credit for avoided fossil fuel use
Credit for Carbon in long-term storage.

practices (i.e., source reduction and recycling) impact these processes.

When developing an emission factor to account for GHG emissions from a waste management
activity, the key question to ask is "What is the baseline management practice?" Because it is the
difference in emissions between the baseline and alternate scenarios that is meaningful, using
raw material extraction or waste generation reference points yields the same results. The March
1997 Draft Working Paper used the raw material extraction reference point to display GHG
emissions because it is most consistent with standard life cycle inventory accounting techniques.
Several commenters pointed out that solid waste decision-makers tend to view raw materials
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acquisition and manufacturing as beyond their control, and suggested that a waste generation
GHG accounting approach would provide more clarity for evaluating waste management options.
Thus, this report uses the waste generation approach, and defines a standard raw material
acquisition and manufacturing step for each material as consisting of average GHG emissions
based on the current mix of virgin and recycled inputs. This standard raw material acquisition
and manufacturing step is used to estimate the upstream impacts of source reduction and
recycling.

Exhibit ES-3 shows how the GHG sources and sinks are affected by each waste
management strategy using the waste generation reference point. For example, the top row of the
exhibit shows that source reductid(l) reduces GHG emissions from raw materials acquisition
and manufacturing; (2) results in an increase in forest carbon sequestration; and (3) does not
result in GHG emissions from waste management. The sum of emissions (and sinks) across all
steps in the life cycle represents net emissions.

2 In this analysis, the source reduction techniques we analyze involve using less of a given
product without using more of some other produetg., making aluminum cans with less aluminum
("lightweightind'); double-sided rather than single-sided photocopying; or reuse of a product. We did not
consider source reduction of one product that would be associated with substitution by another product
e.g., substituting plastic boxes for corrugated paper boxes. Nor did we estimate the potential for source
reduction of chemical fertilizers and pesticides with increased production and use of compost. For a
discussion of source reduction with material substitution, please see section 4.3.
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Exhibit ES-3
Components of Net Emissions for Various Municipal Solid Waste Management Strategies

Greenhouse Gas Sources and Sinks

Municipal Raw Materials Acquisition and
Solid Waste Manufacturing Change in Forest or Sall
Management Carbon Storage
Strategy Waste Management

Source Reductior

Decrease in GHG emissions,
relative to the baseline of
manufacturing

Increase in forest carbon
storage

No emissions/sinks

Recycling

Decrease in GHG emissions due {
lower energy requirements

(compared to manufacture from
virgin inputs) and avoided procesg
non-energy GHGs

dncrease in forest carbon
storage

Process and transportation
emissions associated with
recycling are counted in the
manufacturing stage

Composting (food
scraps, yard

No emissions/sinks

Increase in soil carbon
storage

Compost machinery emissiols
and transportation emissiong

y

trimmings)

Combustion No change No change Nonbiogenic C@, N,O
emissions, avoided utility
emissions, and transportation
emissions

Landfilling No change No change Methane emissions, long-terin
carbon storage, avoided utili
emissions, and transportation
emissions

ES.6 RESULTS OF THE ANALYSIS

Management of municipal solid waste presents many opportunities for GHG emission
reductions. Source reduction and recycling can reduce GHG emissions at the manufacturing
stage, increase forest carbon storage, and avoid landfill methane emissions. When waste is
combusted, energy recovery displaces fossil fuel-generated electricity from utilities (thus
reducing GHG emissions from the utility sector), and landfill methane emissions are avoided.
Landfill methane emissions can be reduced by using gas recovery systems and by diverting
organic materials from the landfill.

In order to support a broad portfolio of climate change mitigation activities covering a
broad scope of greenhouse gases, many different emission estimation methodologies will need to
be employed. The primary result of this research is the development of material-specific GHG
emission factors which can be used to account for the climate change benefits of waste
management practices. A spreadsheet accounting tool, the Waste Reduction Model (WARM), is
being developed to allow for customizing of emission factors based on key variables which may
better reflect local conditions.

Exhibit ES-4 presents the GHG impacts of source reduction, recycling, composting,
combustion, and landfilling, on a per-ton managed basis, for the individual materials, mixed
waste, and mixed recyclables, using the waste generation reference point. For comparison,
Exhibit ES-5 shows the same results, using the raw material extraction reference point. In these
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tables, emissions for one ton of a given material are presented across different management
options® The life cycle GHG emissions for each of the first four waste management strategies -
source reduction, recycling, composting, and combustion - are compared to the GHG emissions
from landfilling in Exhibit ES-6. This exhibit shows the GHG values for each of the first four
management strategies, minus the GHG values for landfilling. With this exhibit, one may
compare the GHG emissions of changing management of one ton of each material from
landfilling (often viewed as the baseline waste management strategy) to one of the other waste
management options.

All values shown in Exhibit ES-4 through ES-6 are for national average conditions (e.g.,
average fuel mix for raw material acquisition and manufacturing using recycled inputs; typical
efficiency of a mass burn combustion unit; national average landfill gas collection rates). GHG
emissions are sensitive to some factors that vary on a local basis, and thus site-specific emissions
will differ from those summarized here.

Following is a discussion of the principal GHG emissions and sinks for each waste
management practice and effect they have on the emission factors:

» Source reduction, generally speaking, represents an opportunity to reduce GHG
emissions in a significant wa§The reduction in energy-related €@missions from
the raw material acquisition and manufacturing process, and the absence of
emissions from waste management, combine to reduce GHG emissions more than all
other options.

* Recycling generally has the second lowest GHG emissions. For most materials,
recycling reduces energy-related £gnissions in the manufacturing process
(although not as dramatically as source reduction) and avoids emissions from waste
management. Paper recycling increase storage of forest carbon.

" Note that the difference between any two values for a given material in Exhibit ES-4 (i.e.,
emissions for the same material in two waste management options) is the same as the difference between the
two corresponding values in Exhibit ES-5.

* As noted above, the only source reduction strategy analyzed in this study is lightweighting.
Consequently, the results shown here do not directly apply to material substitution.
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Net GHG Emissions from Source Reduction and MSW Management Options

Exhibit ES-4

Emissions Counted from a Waste Generation Reference Point (MTCE/Ton)

1

Source Recycling | Composting *| Combustion * | Landfilling °
Material Reduction ?

Newspaper -0.91 -0.86 NA -0.22 -0.23
Office Paper -1.03 -0.82 NA -0.19 0.53
Corrugated Cardboard -0.78 -0.70 NA -0.19 0.04
Mixed Paper

Broad Definition NA -0.67 NA -0.19 0.06

Residential Definition NA -0.67 NA -0.19 0.03

Office Paper Definition NA -0.84 NA -0.18 0.10
Aluminum Cans -2.98 -3.88 NA 0.03 0.01
Steel Cans -0.84 -0.57 NA -0.48 0.01
Glass -0.14 -0.08 NA 0.02 0.01
HDPE -0.61 -0.37 NA 0.21 0.01
LDPE -0.89 -0.49 NA 0.21 0.01
PET -0.98 -0.62 NA 0.24 0.01
Food Scraps NA NA 0.00 -0.05 0.15
Yard Trimmings NA NA 0.00 -0.07 -0.11
Mixed MSW as Disposed NA NA NA -0.04 -0.02
Mixed Recyclables NA -0.76 NA -0.18 0.03

Note that totals may not add due to rounding and more digits may be displayed than are significant.
NA: Not applicable, or in the case of composting of paper, not analyzed.
IMTCE/ton: Metric tons of carbon equivalent per short ton of material. Material tonnages are on an as-managed (wet weight) basis.
“Source reduction assumes initial production using the current mix of virgin and recycled inputs.
*There is considerable uncertainty in our estimate of net GHG emissions from composting; the values of zero are plausible values
based on assumptions and a bounding analysis.
“Values are for mass burn facilities with national average rate of ferrous recovery.
*Values reflect projected national average methane recovery in year 2000.
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Exhibit ES-

5

Net GHG Emissions from Source Reduction and MSW Management Options

Emissions Counted from a Raw Materials Extraction Reference Point (MTCE/Ton)

Source

Material Reduction * Recycling 2 Composting 2 Combustion * Landfilling 2
Newspaper -0.43 -0.38 NA 0.26 0.25
Office Paper -0.50 -0.30 NA 0.34 1.06
Corrugated Cardboard -0.38 -0.30 NA 0.21 0.44
Mixed Paper

Broad Definition NA -0.21 NA 0.26 0.51

Residential Definition NA -0.22 NA 0.26 0.48

Office Paper Definition NA -0.33 NA 0.33 0.61
Aluminum Cans 0.00 -0.90 NA 3.01 3.00
Steel Cans 0.00 0.26 NA 0.35 0.85
Glass 0.00 0.06 NA 0.17 0.15
HDPE 0.00 0.24 NA 0.81 0.62
LDPE 0.00 0.40 NA 1.10 0.90
PET 0.00 0.36 NA 1.21 0.99
Food Waste NA NA 0.00 -0.05 0.15
Yard Waste NA NA 0.00 -0.07 -0.11
Mixed MSW as Disposed NA NA NA -0.04 -0.02
Mixed Recyclables NA -0.26 NA 0.33 0.53

Note that totals may not add due to rounding and more digits may be displayed than are significant.
NA: Not applicable, or in the case of composting of paper, not analyzed.
'Source reduction assumes initial production using the current mix of virgin and recycled inputs.
%Includes emissions from the initial production of the material being managed, except for food waste, yard waste, and mixed MSW.
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Exhibit ES-6

(MTCE/Ton)

Greenhouse Gas Emissions of MSW Management Options Compared to Landfilling

1

Source Reduction

Net Emissions

2

Recycling Net Emissions

Minus Landfilling

Composting ®NetC
Minus Landfilling

Combustion * Net Emissions

Minus Landfilling

Material Minus Landfilling Net Emissions Net Emissions Net Emissions Net Emissions

Newspaper -0.68 -0.63 NA 0.01
Office Paper -1.56 -1.35 NA -0.72
Corrugated Cardboard -0.82 -0.74 NA -0.23
Mixed Paper

Broad Definition NA -0.73 NA -0.25

Residential Definition NA -0.69 NA -0.22

Office Paper Definition NA -0.95 NA -0.28
Aluminum Cans -3.00 -3.89 NA 0.02
Steel Cans -0.85 -0.58 NA -0.49
Glass -0.15 -0.09 NA 0.01
HDPE -0.62 -0.38 NA 0.20
LDPE -0.90 -0.51 NA 0.20
PET -0.99 -0.63 NA 0.22
Food Scraps NA NA -0.15 -0.20
Yard Trimmings NA NA 0.11 0.04
Mixed MSW as Disposed NA NA NA -0.02
Mixed Recyclables NA -0.79 NA -0.20

Note that totals may not add due to rounding and more digits may be displayed than are significant.
NA: Not applicable, or in the case of composting of paper, not analyzed.
Yvalues for landfilling reflect projected national average methane recovery in year 2000.
2Source reduction assumes initial production using the current mix of virgin and recycled inputs.
SCalculation is based on assuming zero net emissions for composting.

“Values are for mass burn facilities with national average rate of ferrous recovery.
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» Composting is a management option for food scraps and yard trimmings. The net
GHG emissions from composting are lower than landfilling for food scraps
(composting avoids methane emissions), and higher than landfilling for yard
trimmings (landfilling is credited with the carbon storage that results from failure of
certain yard trimmings to degrade fully in landfills). Overall, given the uncertainty in
the analysis, the emission factors for composting or combusting these materials are
similar.

* The net GHG emissions from combustion and landfilling are similar for mixed
MSW. Because, in practice, combustors and landfills manage a mixed waste stream,
net emissions are determined more by technology factors (e.g., landfill gas collection
system efficiency, combustion energy conversion efficiency) than by material
specificity. Material-specific emissions for landfills and combustors provide a basis
for comparing these options with source reduction, recycling, and composting.

The ordering of combustion, landfilling, and composting is affected by (1) the GHG inventory
accounting methods, which do not count @missions from sustainable biogenic sourcdsit

do count emissions from sources such as plastics, and (2) a series of assumptions on
sequestration, future use of methane recovery systems, landfill gas recovery system efficiency,
ferrous metals recovery, and avoided utility fossil fuels. On a site-specific basis, the ordering of
results between a combustor and a landfill could be different from the ordering provided here,
which is based on national average results.

We conducted sensitivity analyses to examine the GHG emissions from landfilling under
varying assumptions about (1) the percentage of landfilled waste sent to landfills with gas
recovery and (2) methane oxidation rate and gas collection system efficiency. The sensitivity
analyses demonstrate that the results for landfills are very sensitive to these factors, which are
site-specific:® Thus, using a national average value when making generalizations about
emissions from landfills masks some of the variability that exists from site to site.

The scope of this report is limited to developing emission factors that can be used to
evaluate GHG implications of solid waste decisions. We do not analyze policy options in this
report. Nevertheless, the differences in emission factors across various waste management
options are sufficiently large as to imply that GHG mitigation policies in the waste sector can
make a significant contribution to US emission reductions. A number of examples, using the
emission factors in this report, bear this out.

. At the firm level, targeted recycling programs can reduce GHGs. For example, a
commercial facility that shifts from a baseline practice of landfilling (in a landfill
with no gas collection system) to recycling 50 tons office paper and 2 tons of
aluminum cans can reduce GHG emissions by over 100 MTCE.

. At the community level, a city of 100,000 with average waste generation (4.3
Ib/day per capita) and recycling (27 percent), and baseline disposal in a landfill

' Sustainable biogenic sources include paper and wood products from sustainably managed
forests; when these materials are burned or aerobically decomposeg the30Q emissions are not
counted. Our approach to measuring GHG emissions from biogenic sources is described in detail in
Chapter 1.

' For details on the sensitivity analyses, see section 7.4 and Exhibits 7-7 and 7-8.
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with nogas collection gstan, could increase the reding rate to 40 percent — for
example, by implementing a pgy-asyou-throw praram — and reduceraissions by
about 10,000 MTCE psrear. (Note that furthegrowth in regcling would be
possible; sme canmunities are alregdexceedig regycling rates of 50 percent).

A city of 2 million, disposirg of 650,000 tons psarear in a landfill withougas
collection, could reduce GHGressions ly 92,000 MTCE peyear ly managing
waste in anass burn cmbustor unit.

A town of 50,000 landfillig 30,000 tons peyear could install a landfithas
recovery system and reduceraissions ly about 6,600 MTCE peyear.

At the national leel, if the US attains thgoal of a 35 percent rgcling rate by
2005, enissions will be reducedybover 9million MTCE peryear conpared to a
baseline where waaintain the current 27 percent yeting rate and use the
"national aerage” landfill for disposal.

ES.7 LIMITATIONS OF THE ANALYSIS

When conductig this anaysis, we used a mber of anajtical approaches and
numerous data sources, each with its owmtitions.In addition, wemade and applied
assumptions throghout the anafsis. Althowgh these Imitations would be troublesae if used in
the context of a gulatory framework, we beliee that the results are sufficigndccurate to
support their use imoluntay programs. Sane of themajor limitations follow:

Themanufacturig GHG anasis is based on estated indusly averages for
enepy usae, and in sme cases the estates are based omriited data'’ In
addition, we usestalues for theeerage GHG enissions per ton afaterial
produced, not thenarginal emission rates per incngental ton producedn sane
cases, thenarginal emission ratesnay be sgnificantly different.

The forest carbon sequestration gae deals with &ery complicated set of
interrelated ecolgical and econmic processes. Althah themodels used
represent the state-the-art in forest resource planmgntheirgeagraphic scope

is limited — because of thglobal market for forest products, the actual effects of
paper regcling would occur not olin the US but in Canada and other
countries. Othemnportant Imitations include: (1) the estate does not include
charges in carbon stoge in forest soils and forest floors, (2) thedel assmes
that no forested lands will be omerted to nofforest uses as a result of increased
paper regcling, and (3) we use a point estte for forest carbon sequestration,
whereas theystan of models predicts ch@mng net sequestratiorver time.

The canpostirg anaysis was Imited by the lak of data ormethanegeneration
and carbon sequestration resugtfrom compostirg; we relied on a theoretical
approach to estate thevalues.

The canbustion anajsis uses nationalvarage values for seeral paraeters;
variability from site to site is not reflected in our egdite.

" When ER published this report as a draforking paper, thé\geng specificaly requested that
commenters provide data onwanaterial acquisition anthanufacturing. Although several mmenters
agreed that updatedformationwould be mportant, none provided such data.
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. The landfill analysis (1) incorporates considerable uncertainty on methane
generation and carbon sequestration, due to limited data availability, and (2) uses
as a baseline landfill methane recovery levels projected for the year 2000.

Finally, through most of the report we express analytical inputs and outputs as point
estimates. We recognize that a rigorous treatment of uncertainty and variability would be useful,
but in most cases the information needed to treat these in statistical terms is not available. The
report includes some sensitivity analyses to illustrate the importance of selected parameters, and
expresses ranges for a few other factors such as GHG emissions from manufacturing. We
welcome readers to provide better information where it is available; perhaps with additional
information, future versions of this report will be able to shed more light on uncertainty and
variability. Meanwhile, we caution that the emission factors reported here should be evaluated
and applied with an appreciation for the limitations in the data and methods, as described at the
end of each chapter.
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1. METHODOLOGY

1.1 INTRODUCTION

This chapter provides an overview of the methodology we used to calculate the greenhouse gas
(GHG) emissions associated with various management strategies for municipal solid waste (MSW). The
chapter begins with a brief discussion of the life cycle framework used for the analysis. Next, it explains
how we selected the ten materials that were analyzed. We then describe the specific GHG emissions and
emission offsets considered in calculating the net emissions associated with particular waste management
options. Finally, the chapter discusses the life cycle stages that we studied to identify the GHG impacts
of MSW management options. Succeeding chapters will describe how we analyzed each step in the life
cycle.

1.2 THE OVERALL FRAMEWORK: A STREAMLINED LIFE CYCLE INVENTORY

Early in our analysis of the GHG benefits of specific waste management practices, it became clear
that there are opportunities to reduce GHG emissions from all waste management options, depending on
the particular circumstances. Although source reduction and recycling are often the most advantageous
waste management practices from a GHG perspective, it became clear that a material-specific
comparison of all available waste management options would clarify where the greatest GHG benefits
could be obtained for particular materials in MSW. This type of analysis is also intended to help
policymakers identify the best options for GHG reductions. We determined that a streamlined application
of life cycle assessment would be the best way to conduct such a comparative analysis.

A full life cycle assessment (LCA) is an analytical framework for understanding the material
inputs, energy inputs, and environmental releases associated with manufacturing, using, and disposing a
given material. A full LCA generally consists of four parts: (1) goal definition and scoping; (2) an
inventory of the materials and energy used in all stages in the life of a product or process, and an
inventory of environmental releases throughout the product lifecycle; (3) an impact assessment that
examines potential and actual human health effects related to the use of resources and environmental
releases; and (4) an assessment of the change that is needed to bring about environmental improvements
in the product or processes.

A full life cycle assessment is beyond the scope of this analysis. Rather, this report is a
streamlined application of a life cycle assessment that is limited to an inventory of the emissions and
other environmental impacts related to global warming; we did not assess air, water, or environmental
impacts that did not have a direct bearing on climate change. Moreover, we did not attempt, as part of
this analysis, to assess human health impacts or environmental improvements needed.

! EPA's Office of Research and Development (ORD) is performing a more extensive application of life
cycle assessment for various waste management options for MSW. ORD's analysis will inventory a broader set of
emissions (air, water, and waste) associated with these options. For more information on this effort, go to their
project website at http://www.epa.gov/docs/crb/apb/apb.htm.



1.3 THE REVIEW PROCESS

Prior drafts of this report were reviewed in three peer review cycles, the details of which
are provided in Background Document CThe 1995 draft report was reviewed by 20 EPA analysts from
four offices (Air and Radiation; Policy, Planning and Evaluation; Research and Development; and Solid
Waste). In addition, the 1995 draft was reviewed by four analysts from the Department of Energy (DOE),
Argonne National Laboratory, and DOE’s National Renewable Energy Laboratory. Comments resulting
from these reviews were incorporated into a second draft of the report, completed in May of 1996.

The 1996 draft was distributed to four researchers with academic and consulting backgrounds for
a more intensive, external peer review. None of the researchers chosen was involved in the preparation of
the report. Based on the comments received from these reviewers, another draft of the report was
completed in March of 1997.

In March, 1997, EPA published the draft research in a report er@tlsghhouse Gas Emissions
from Municipal Waste Management: Draft Working Pafie?PA530-R-97-010). As described in an
accompanying Federal Register notice, public comment was solicited on the draft working paper.
Twenty-three individuals, representing trade associations, universities, industry, state offices, EPA
offices, and other entities provided comments. The most extensive comments were made by

* American Forest and Paper Association,
 American Plastics Council,

* Integrated Waste Services Association,

» Steel Recycling Institute,

« Minnesota Office of Environmental Assistance, and
* Missouri Department of Natural Resources.

Each comment pertaining to the 1997 draft, and an explanation of how the comment was taken into
account in this report, is specifically addressed in a comment response document (Background Document
D).

Among the changes made as a result of this review, EPA

. added two materials to the analysis—mixed paper and glass,

. revised system efficiencies for waste combustors, and provided a separate
characterization of refuse-derived fuel (RDF) as a category of combustion,

. based GHG reductions from displaced electricity on GHGs from fossil-fuel-fired
generation, rather than from the national average mix of fuels, and

. added a “waste generation” reference point for GHG accounting, where before only a

“raw material extraction” reference point was provided.

In addition, the revised working paper updates many of the inputs to the calculations (such as the global
warming potential for various greenhouse gases), and uses more recent information on waste composition
and recycling rates.

2 All background documents and supporting memoranda cited in this report are provided in the docket at the
Resource Conservation and Recovery Act (RCRA) Information Center.



1.4 MSW MATERIALS CONSIDERED IN THE STREAMLINED LIFE CYCLE
INVENTORY

Source reduction and recycling have been part of the President’s Climate Change Action Plan
since its inception. In 1993, we made initial rough estimates of the potential for source reduction and
recycling of MSW to reduce GHG emissions. However, it was clear that a more rigorous analysis would
be needed to determine the GHG emissions associated with source reduction and recycling and to
identify which materials in MSW were most likely to reduce GHG emissions if source reduced or
recycled.

Each material in MSW has different GHG impacts depending on how it is made and disposed. To
determine which materials in MSW had the greatest potential to reduce GHG emissions if source reduced
or recycled, we performed a screening analysis of 37 of the most common materials and products found
in MSW2 The screening analysis compared: (1) the GHG emissions from manufacturing each of the 37
materials from virgin or recycled inputs (based on the process and transportation energy requirements,
and fuel mix for each material); and (2) the projected source reduction and recycling rates for each
material. The information on energy requirements, fuel mix, and recycling rates was estimated
independently by two groups with experience in MSW and life cycle assessment: Franklin Associates,
Ltd. and the Tellus Institute. The materials were ranked by their potential for GHG reductions. For each
material, we (1) averaged the two estimates for energy requirements and fuel mix, then (2) used those
averages, together with estimates of the GHG emissions per unit of fuel used, to estimate GHG
reductions per ton of material source reduced or recycled, and finally (3) used the estimated GHG
reductions per ton, together with the averaged estimates of the potential tonnage of source reduction and
recycling achievable for each material, to estimate the total GHG reduction potential for each Material.

While the screening analysis was general in nature and employed many assumptions, the
underlying data provided by Franklin Associates and the Tellus Institute pointed toward the same general
results. The energy and recycling data provided by both groups indicated that the same eight
manufactured materials had the greatest potential to reduce GHG emissions if they were source reduced
or recycled. We initially limited the life cycle assessment to these eight materials:

*  newspaper,
« office paper,

¥ Materials and products in the screening analysis included, in addition to the materials and products
covered in this report, the following: other paper materials (bags and sacks, other paper packaging, books, other
paperboard packaging, wrapping papers, paper plates and cups, folding cartons, other nonpackaging paper, and
tissue paper and towels), other plastic materials (plastic wraps, plastic bags and sacks, other plastic containers, and
other plastic packing), other metal materials (aluminum foil/closures, other steel packaging), and other miscellaneous
materials (miscellaneous durable goods, wood packaging, furniture and furnishings, carpet and rugs, and other
miscellaneous packaging).

“Note that the comparative analysis among materials may vary for different units of measure. For example,
a comparison between two packaging materials based on the GHG impacts per thousand packages will differ from a
comparison based on the GHG impacts per ton of packaging material; the former comparison will account for the
different weights of different types of packages. However, we chose to compare materials on a per-ton basis because
this report’s analysis focuses on greenhouse gas impacts from waste management, and waste is typically measured in
tons.

® Office paper refers to the type of paper used in computer printers and photocopiers.



corrugated cardboard,
aluminum cans,
steel can§,

HDPE (high density polyethylene) plastic blow-molded containers,
LDPE (low density polyethylene) plastic blow-molded containers, and
PET (polyethylene terephthalate) plastic blow-molded containers.

We also examined the GHG implications of various management strategies for food scraps, yard
trimmings, mixed MSW, and mixed recyclables. Finally, in response to several public comments, we
later added mixed paper and glass containers to the analysis.
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KEY INPUTS AND BASELINES FOR THE STREAMLINED LIFE CYCLE INVENTORY

Evaluating the GHG emissions of waste

management requires analysis of three factors;

1) GHG emissions throughout the life cycle of
the material (including the chosen disposal
option); 2) the extent to which carbon sinks arg
affected by manufacturing and disposing the
material; and 3) the extent to which the
management option recovers energy that can |
used to replace electric utility energy, thus
reducing utility GHG emissions. In addition, to
provide a consistent basis for comparison, we
made several choices in our greenhouse gas
accounting framework in terms of timing and
levels of productionEach of these factors
warrants further discussion.

GHGs Emissions Relevant to Waste: Th
most important GHGs for purposes of analyzin
MSW management options are carbon dioxide
methane, nitrous oxide, and perfluorocarbons.
Of these, carbon dioxide (GOs by far the most
common GHG emitted in the US. Most carbon
dioxide emissions result from energy use,
particularly fossil fuel combustion. A great dea
of energy is consumed when a product is madjg

Comparing GHGs

Carbon dioxide, methane, and nitrous oxide ar
very different gases when it comes to their heat-trapp
potential. An international protocol has established ca
dioxide as the reference gas for measurement of heat
trapping potential (also known as global warming
potential or GWP). By definition, the GWP of one
)Iglogram (kg) of carbon dioxide is 1.

Methane has a GWP of 21. This means that or
of methane has the same heat-trapping potential as 2
of CO..

Nitrous oxide has a GWP of 310.
Perfluorocarbons are the most potent greenhouse ga
covered by this analysis; GWPs are 6,500 foy &t
9,200 for GFs.

In this report, emissions of carbon dioxide,
Bnethane, nitrous oxide, and perfluorocarbons have by
@onverted to their "carbon equivalents." Becausg €O
112/44 carbon by weight, one metric ton of d©equal to
12/44 or 0.27 metric tons of carbon equivalent (MTCE
The MTCE value for one metric ton of each of the oth
gases is determined by multiplying its GWP by a factd
12/44. (All data provided here are from The
Intergovernmental Panel on Climate Change (IPCC),
:CIimate Change 1995: The Science of Climate Chang
1996, p. 121.)

and then discarded. This energy is used in the
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following stages: 1) extracting and processing

raw materials; 2) manufacturing products; 3) managing products at the end of their useful lives; and 4)
transporting materials and products between each stage of their life cycles. We estimated energy-related
GHG emissions at all of these stages, except for transportation of products to consumers (because GHG
emissions from transportation to consumers will vary little among the options considered). Much of this
report is devoted to explaining how we quantified the energy used - and the resulting carbon dioxide
emissions - at each stage in the life cycle of any given material in MSW. Energy consumed in connection

® Other steel materials may also be recycled, but we limited our analysis to steel cans from households.



with consumer use of products is not evaluated, because it is assumed that energy use for the selected
materials is small (or zero) at this point in the life cycle. In addition, the energy consumed during use
would be about the same whether the product was made from virgin or recycled inputs.

Methane (CH), a more potent GHG, is produced when organic waste decomposes in an oxygen-
free (anaerobic) environment, such as a landfill. Methane from landfills is the largest source of methane
in the US! these emissions are addressed in Chapter 7. Methane is also emitted when natural gas is
released to the atmosphere during production of coal or oil, during production or use of natural gas, and
from agricultural activities.

Nitrous oxide (NO) results from the use of commercial and organic fertilizers and fossil fuel
combustion, as well as other sources. For this analysis, we estimated nitrous oxide emissions from waste
combustion.

Perfluorocarbons (GFand GFg) are emitted during the reduction of alumina to aluminum in the
primary smelting process. The source of fluorine fox & GFs is the molten cryolite (NAIFe) in
which the reduction of alumina occurs. Perfluorocarbons are formed when the fluorine in cryolite reacts
with the carbon in the anode (a carbon mass of paste, coke briquettes, or prebaked carbon blocks), and in
the carbon lining that serves as the cathode. Although the quantities of perfluorocarbons emitted are
small, these gases are significant because of their high global warming potential.

Carbon Stocks and Carbon Sequestration Relevant to Waste: Carbon, like many other elements,
cycles throughout earth's air, water, land, and biota. A carbon stock (or sink) is a point in the carbon
cycle where carbon is stored. While the carbon is stored, it is not in the atmosphere contributing to the
"greenhouse effect" (i.e., the trapping of heat close to the earth's surface). Examples of carbon stocks are
forests, oceans, oil fields, and landfills.

"Carbon sequestration” is the opposite of GHG emissions. With carbon sequestration, carbon is
removed from the carbon cycle and added to a carbon stock. For example, when a forest removes carbon
from the atmosphere and converts it to wood at a faster pace than the trees are harvested (or decompose),
this is known as forest carbon sequestration. Likewise, if organic matter added to a landfill does not
decompose into methane or carbon dioxide, and enters into long-term storage, it is said to be
"sequestered."”

The baseline against which changes in carbon stocks are measured is a projection by the US Forest
Service of forest growth, harvests, mortality, and removals under anticipated market conditions for forest
products. One of the assumptions on which the projections is based is that US forests will be harvested
on a sustainable basis (i.e., trees will be grown at a rate at least equal to the rate at which théy are cut).
Thus, we assume in the baseline that harvesting trees at current levels results in no diminution of the
forest carbon stock and no additional carbon dioxide in the atmosphere. On the other hand, forest carbon
sequestration increases as a result of source reduction or recycling of paper products because both source

" US EPA Draft Inventory of US Greenhouse Gas Emissions and Sinks: 1990-A99161998.

8 Assuming a sustainable harvest in the US is reasonable because from 1952 to 1992 US forest carbon
stocks steadily increased. In the early part of this period, the increases were mostly due to reversion of agricultural
land to forest land. More recently, improved forest management practices and the regeneration of previously cleared
forest areas have resulted in a net annual uptake (sequestration) of carbon. The steady increase in forest carbon
stocks implies sustainable harvests, and it is reasonable to assume that the trend of sustainable harvests will continue.



reduction and recycling cause annual tree harvests to drop below otherwise anticipated levels (resulting
in additional accumulation of carbon in forests). Consequently, source reduction and recycling "get
credit" for increasing the forest carbon stock, whereas other waste management options (composting,
combustion, and landfilling) do not.

Landfills are another means by which carbon is removed from the atmosphere. Landfill carbon
stocks increase over time because much of the organic matter placed in landfills does not decompose,
especially if the landfill is located in an arid area. However, not all carbon in landfills is counted in
determining the extent to which landfills are carbon stocks. For example, the analysis does not count
plastic in landfills toward carbon sequestration. Plastic in a landfill represents merely a transfer from one
carbon stock (the oil field containing the petroleum or natural gas from which the plastic was made) to
another carbon stock (the landfill); thus, there has been no change in the overall amount of carbon stored.
On the other hand, that portion of organic matter (such as yard trimmings) that does not decompose in a
landfill represents an addition to a carbon stock, because it would have largely decomposediinto CO
left to deteriorate on the ground.

While changes in fossil fuel carbon stocks (i.e., reductions in oil field stores that result from the
extraction and burning of oil resources) are not measured directly in this analysis, the reduction in fossil
fuel carbon stocks is indirectly captured by counting the €fissions from fossil fuel combustion in
calculating GHG emissions.

Avoided Electric Utility GHG Emissions Relevant to Waste: When a waste is used to generate
electricity (either through waste combustion or recovery of methane from landfills), it displaces utility
fossil fuels that would otherwise be consumed. Fossil fuel combustion is the single largest source of
GHGs in the US. When waste is substituted for fossil fuel to generate electricity, the GHG emissions
from burning the waste are offset by the avoided electric utility GHG emissions.

Baseline Year: For most parts of the analysis, we selected as the baseline year the most recent year
for which data were available. However, for the landfill methane recovery rate, and system efficiency and
ferrous recovery rate at waste combustors, we used values projected for the year 2000. For paper
recovery, we made annual projections through 2010 that enabled us to develop an average value for the
period from 1996 through 20£0In these cases, we developed future scenarios because some of the
underlying factors that affect GHG emissions are changing rapidly, and we are seeking to define
relationships (e.g., between tonnage of waste landfilled and methane emissions) that represent an average
over the next several years.

. In the case of landfill methane, there are three EPA programs that reduce methane
emissions: one that requires landfill gas recovery at large landfills; one that promotes
recovery of landfill methane on a voluntary basis at smaller landfills; and another that
promotes source reduction and recycling (which results in less methane-producing waste
being landfilled). In estimating the landfill methane emission reductions due to source
reduction and recycling, we needed to account for the planned increase in landfill methane
capture. Otherwise, EPA would count landfill methane emissions reductions twice: once for
capturing landfill methane, and once for avoiding methane production through source
reduction and recycling. Because the programs to regulate landfill gas and promote

° The models we used simulated carbon sequestration th2®dgh but we selected a value based on
average conditions throug®10.



voluntary methane recovery aim to become fully effective by 2000 (dramatically increasing
methane recovery), by using a baseline year of 2000 we avoided double counting.

. Although the current population of US municipal waste combustors includes a few small
facilities that do not recover energy, we assumed that these would be closed in the near
future. Thus, we represented all combustors as having energy recovery. We also used an
estimate provided by the combustion industry for anticipated levels of ferrous recovery.

. For paper recovery, earlier analyses had indicated that the marginal impact of increased
paper recovery on forest carbon sequestration changes over time; the impact also differs
depending on the initial paper recovery rate and how that rate changes over time. To
estimate the impact of increased paper recovery on forest carbon sequestration, we needed
to account for these influences. First, we developed a baseline projection for paper recovery
rates. We began with a projection, from the American Forest and Paper Association, that
paper recovery rates will continue to increase from about 35 percent in 1994 to 50 percent
by 2000. Then we developed a baseline scenario for paper recovery whose trajectory passes
through 50 percent in 2000, with continued modest increases in the following years.
Because we needed to estimate the effect of efforts (e.g., by EPA) to enhance recovery
beyond the baseline projected rates, we developed a plausible scenario for enhanced paper
recovery rates, and then compared the predicted forest carbon sequestration under the two
scenarios? (Our approach is fully described in chapter 3).

1.6 HOW THESE INPUTS ARE TALLIED AND COMPARED

Exhibit 1-1 shows the GHG sources and carbon sinks associated with the manufacture of various
materials, and the post-consumer management of these materials as wastes. As shown in the exhibit,
GHGs are emitted from: (1) the pre-consumer stages of raw materials acquisition and manufacturing; and
(2) the post-consumer stage of waste management. No GHG emissions are attributed to the consumer's
use of any product.

To calculate the net GHG implications of a waste management strategy for a given material, one must

first establish a baseline scenario and an alternative scenario. For example, one could compare a baseline
scenario, where 10 tons of office paper is manufactured, used, and landfilled, to an alternative scenario,
where 10 tons is manufactured, used, and recycled. Then, for each scenario, net GHG emissions are
estimated based on: (1) the GHG emissions associated with that material; and (2) any increases in carbon
stocks and/or displaced fossil fuel combustion that offset these emissions. The formula for net GHG
emissions is as follows:

Net GHG emissions =  Gross GHG emissions - (increase in carbon stocks +
avoided utility GHG emissions)

°Note that this estimate is necessary for analyzing the scenarios, however, it does not represent a plan of
action by EPA.



Exhibit 1-1

GHG Sources and Sinks Associated with Materials in the MSW Stream

Inputs Life Cycle Stage' GHG Emissions/Carbon Sinks’
Ore, trees, Raw Materials Energy-related emissions
petroleum, ——- Acquisition —  Non-energy related emissions
energy, etc. Change in carbon storage in forests

v

Energy ——3Jp| Manufacturing f—— Energy-related emissions
(captures process and transportation energy

associated with recycling)
@ o

v

Waste
Management

Composting y—p- Energy-related emissions
Change in carbon storage in soils
CO, emissions from plastics

————Pp N.O emissions
Credit for avoided fossil fuel use
CH,4 emissions
Landfilling }——————3 -Uncontrolled

-Flared or recovered for energy (converted to COy)

-Credit for avoided fossil fuel use

1 - - - . .
2Noto_e that source reduction affects all stages in the life cycle. o Credit for Carbon in long-term storage.
All life cycle stages analyzed include transportation energy-related emissions.

Energy ————p-

Comparing net GHG emissions for the two scenarios allows one to identify which has the lowest
net GHG emissions. For example, when a material is source reduced (i.e., some or all of it is not
produced), GHG emissions throughout the life cycle are avoided. In addition, when paper products are
source reduced, additional carbon may be sequestered in forests.

Similarly, when a material is recycled, the GHG emissions from making an equivalent amount of
material from virgin inputs are reduced. Generally, recycling reduces GHG emissions because, in most
cases, manufacturing a product from recycled inputs requires less fossil energy than making the product
from virgin inputs, and thus reduces energy-related GHG emissions. Another GHG issue in the case of
paper is that paper recycling results in additional carbon sequestration in forests.

If a waste is not source reduced or recycled, it may be either composted (if it is organic matter),
combusted, or landfilled. In any of these cases, there are GHG emissions associated with making the
material/product. These GHG emissions may be augmented by methane emissions from landfills (which
themselves may be offset to some degree by energy recovery at landfills or landfill carbon sequestration).
If the wastes are combusted, there may be an offset for avoided utility emissions.



In calculating emissions for the life cycle scenarios, two different reference points can be used:

* In a “raw material extraction” approach (i.e., cradle-to-grave perspective), one can start at the
point of raw material acquisition as the “zero point” for emissions, and add all emissions (and
deduct sinks) from that point on through the life cycle.

* In a “waste-generation” approach (solid waste manager’s perspective), one can begin
accounting for GHG emissions at the point of waste generation. All subsequent emissions and
sinks from waste management practices are then accounted for. Changes in emissions and
sinks from raw material acquisition and manufacturing processes are captured to the extent
that certain waste management practices (i.e., source reduction and recycling) impact these
processes.

Because it is the difference in emissions between the baseline and alternate scenarios that is
meaningful, using either of these reference points yields the same results. The March 1997 Draft
Working Paper used the cradle-to-grave method to display GHG emissions because it is most consistent
with standard life cycle inventory accounting techniques. Several commenters pointed out that solid
waste decision-makers tend to view raw materials acquisition and manufacturing as beyond their control,
and suggested that a waste generation GHG accounting approach would provide more clarity for
evaluating waste management options. Thus, this report uses the waste generation approach, and defines
the “standard” raw material acquisition and manufacturing step for each material as consisting of average
GHG emissions based on the current mix of virgin and recycled itiputs.

Exhibit 1-2 indicates how the GHG sources and sinks have been counted for each MSW
management strategy to estimate net GHG emissions using the post-consumer reference point. For
example, the top row of the exhibit shows that source reduction (1) reduces GHG emissions from raw
materials acquisition and manufacturing; (2) results in an increase in forest carbon sequestration; and (3)
does not result in GHG emissions from waste management. The sum of emissions (and sinks) across all
steps in the life cycle represents net emissions.

1.7 SUMMARY OF THE LIFE CYCLE STAGES

The following sections explain the life cycle diagram and components presented in Exhibits 1-1
and 1-2, and outline the GHG emissions and carbon sinks at each stage of the product life cycle. These
GHG emissions and carbon sinks are described in detail, and quantified for each material, in chapters 2
through 7.

1 Changes in the mix of production (i.e., higher proportions of either virgin or recycled inputs) result in
incremental emissions (or reductions) with respect to this reference point.



Exhibit 1-2
Components of Net Emissions for Various Municipal Solid Waste Management Strategies

Municipal Greenhouse Gas Sources and Sinks
Solid Waste Process and Transportation
Management GHGs from Raw Materials Change in Forest or Soil
Strategy Acquisition and Manufacturing Carbon Storage Waste Management GHG{
Source Reduction Decrease in GHG emissions, Increase in forest carbon |No emissions/sinks
relative to the baseline of storage
manufacturing
Recycling Decrease in GHG emissions due tdncrease in forest carbon |Process and transportatior
lower energy requirements storage emissions are counted in the
(compared to manufacture from manufacturing stage

virgin inputs) and avoided procesg
non-energy GHGs

Composting No emissions/sinks No change Compost machinery
emissions and transportatipn
emissions

Combustion Baseline process and transportatipNo change Nonbiogenic C@ N,O

emissions due to manufacture from emissions, avoided utility

the current mix of virgin and emissions, and

recycled inputs transportation emissions
Landfilling Baseline process and transportatipNo change Methane emissions, long-

emissions due to manufacture from term carbon storage,

the current mix of virgin and avoided utility emissions,

recycled inputs and transportation emissiofs

* No manufacturing transportation GHG emissions are considered for composting of food scraps and yard trimmings
because these materials are not considered to be manufactured.

GHG Emissions and Carbon Sinks Associated With Raw Materials Acquisition and
Manufacturing

The top left of Exhibit 1-1 shows inputs for raw materials acquisition. These are virgin inputs used
to make various materials including ore used to make metal products, trees used to make paper products,
and petroleum or natural gas used to make plastic products. Fuel energy used to obtain or extract these
material inputs is also shown.

The inputs used in manufacturing are: (1) energy, and (2) either virgin raw materials or recycled
materials. In the exhibit these inputs are identified with arrows that point to the box labeled
"Manufacturing."

For source reduction, the “baseline” GHG emissions from raw materials acquisition and
manufacturing are avoided. This analysis thus estimates, for source reduction, the GHG reductions
(relative to a baseline of initial manufacture) at the raw materials acquisition and manufacturing stages.
Source reduction is assumed to entail more efficient use of a given material - for example,
"lightweighting," double-sided photocopying, or extension of a product's useful life. No other material
substitutions are assumed for source reduction; therefore, this report does not analyze any corresponding
increases in production and disposal of other materials (which could result in GHG emiSsions).

12 Although material substitution is not quantitatively addressed in the report, it is discussed from a
methodological standpoint in Chapter 2, and is also briefly discussed in Chapter 4, Section 4.3. Material substitution
is an important issue for future research.
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The GHG emissions associated with raw materials acquisition and manufacturing are: (1) process
energy GHG emissions, (2) transportation energy GHG emissions, and (3) process non-energy GHG
emissions (for aluminum, steel, plastics, and office paper.) Each type of emission is described below.
Changes in carbon storage in forests are also associated with raw materials acquisition for paper
products.

Process Energy GHG Emissions: Process energy GHG emissions consist primargy of CO
emissions from the combustion of fuels used in raw materials acquisition and manufactuging. CO
emissions from combustion of biomass are not counted as GHG emissions (see bgEomgsions
from Biogenic Sources, below).

The majority of process energy €é@missions are from combustion of fuels used directly, e.g., to
operate ore mining equipment or to fuel a blast furnace. Fuel is also needed to extract the oil or mine the
coal that is ultimately used to produce energy, and to transport these fuels to where they are used; thus
CO, emissions from this "pre-combustion energy" are counted in this category as well. When electricity
generated by combustion of fossil fuels is used in manufacturing, ther@i€sions from the fossil fuels
are also counted.

To estimate process energy GHG emissions, we first obtained estimates of both the total amount
of process energy used per ton of product (measured in British thermal units or BTUs), and the fuel mix
(e.g., diesel oil, natural gas, fuel oil). Next, we used emissions factors for each type of fuel to convert the
amount of each type of fuel used to the GHG emissions that are produced. As noted earlier, making a
material from recycled inputs generally requires less process energy (and uses a different fuel mix) than
making the material from virgin inputs.

Details of our methodology for estimating process energy GHG emissions are provided in
Chapter 2.

Transportation Energy GHG Emissions: Transportation energy GHG emissions consist of CO
emissions from the combustion of fuels used to transport raw materials and intermediate products to the
final manufacturing or fabrication facility. We based our estimates of transportation energy emissions on:
1) the amounts of raw material inputs and intermediate products used in manufacturing one ton of each
material; 2) the average distance that each raw material input or intermediate product is transported; and
3) the transportation modes and fuels used. For the amounts of fuel used, we used data on the average
fuel consumption per ton-mile for each mode of transportatidhen we used an emission factor for
each type of fuel to convert the amount of each type of fuel consumed to the GHG emissions produced.

More detail on our methodology to estimate transportation energy GHG emissions is provided in
Chapter 2.

Process Non-Energy GHG Emissions: Some GHG emissions occur directly in the manufacture of
certain materials and are not associated with energy consumption. In this analysis, we refer to these
emissions as process non-energy emissions. For example, the production of steel or aluminum requires
lime (calcium oxide, or CaO), which is produced from limestone (calcium carbonate, og)C#EO
manufacture of lime results in G@missions. Other process non-energy GHG emissions are associated
with production of plastics, office paper, and tissue paper. In some cases, process non-energy GHG

13 These data are found in the Background Document A.
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emissions are only associated with production using virgin inputs; in other cases, these emissions result
when either virgin or recycled inputs are used. These emissions are described in Chapter 2.

Carbon Sinks: The only carbon sink in the stages of raw materials acquisition and manufacturing
is the additional carbon sequestration in trees associated with source reduction or recycling of paper
products. Our methodology for estimating forest carbon sequestration is described in Chapter 3.

GHG Emissions and Carbon Sinks Associated With Waste Management

As shown at the bottom of Exhibit 1-1, there are, depending on the material, up to four post-
consumer waste management options: recycling, composting, combustion, and landfilling. This section
describes the GHG emissions and carbon sinks associated with these four waste management options.

In this analysis, source reduction is measured by the amount of material that would otherwise be
produced but is not being produced because of a program promoting source reduction. Thus, with source
reduction there are no emissions from MSW management.

Recycling: When a material is recycled, it is used in place of virgin inputs in the manufacturing
process. Thus, the avoided GHG emissions from remanufacture using recycled inputs is calculated as the
difference between (1) the GHG emissions from manufacturing a material from 100 percent recycled
inputs, and (2) the GHG emissions from manufacturing an equivalent amount of the material (accounting
for loss rates) from 100 percent virgin inputs (including the process of collecting and transporting the
recyclables). There are no GHG emissions at the MSW management stage because the recycled material
is diverted from waste management facilitie@f the product made from the recycled material is later
composted, combusted, or landfilled, the GHG emissions at that point would be attributed to the product
that was made from the recycled material.) Chapter 4 details GHG emissions from recycling.

Most of the materials considered in this analysis are modeled as being recycled in a "closed loop"
(e.g., newspapers are recycled into new newspapers). However, office paper and corrugated boxes are
modeled as being recycled in an "open loop" (i.e., they are recycled into more than one product):

. Office paper is modeled as being recycled into either office paper or tissue paper; and
. Corrugated boxes are modeled as being recycled into either corrugated boxes or folding
boxes.

In addition, a variety of paper types are recycled under the general heading of “mixed paper.” Mixed
paper can be remanufactured, via an open loop, into boxboard or paper towels. We recognize that other
materials are recycled in open loop processes, but due to limited resources, we could not analyze all open
loop processes.

Composting: When organic materials are composted, most of their organic mass quickly
decomposes to GOThe materials that may be composted (e.g., leaves, brush, grass, food waste,

4 We do not include GHG emissions from managing residues (e.g., wastewater treatment sludges) from the
manufacturing process for either virgin or recycled inputs.

15 For example, not all steel cans are recycled into more steel cans; not all aluminum cans are recycled into
more aluminum cans.
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CO, Emissions from Biogenic Sources

The US and all other parties to the Framework Convention on Climate Change agreed to develop in
of GHGs for purposes of (1) developing mitigation strategies and (2) monitoring the progress of those strat
Intergovernmental Panel on Climate Change (IPCC) developed a set of inventory methods to be used as th
international standard. (IPC@2CC Guidelines for National Greenhouse Gas Inventdtie®e volumes), 1997.)
In selecting the methodologies used in this report to evaluate emissions and sinks of GHGs, we attempted
consistent with IPCC's guidance.

One of the elements of the IPCC guidance that deserves special mention is the approach used to ag
emissions from biogenic sources. For many countries, the treatment ofl€&ses from biogenic sources is mog
important when addressing releases from energy derived from biomass (e.g., burning wood), but this elems
important when evaluating waste management emissions (for example, the decomposition or combustion o
clippings or paper). The carbon in paper and grass trimmings was originally removed from the atmosphere
photosynthesis, and under natural conditions, it would eventually cycle back to the atmospherduestGO
degradation processes. The quantity of carbon that these natural processes cycle through the earth's atmo
waters, soils, and biota is much greater than the quantity added by anthropogenic GHG sources. But the fg

Framework Convention on Climate Change is on anthropogenic emissions - emissions resulting from human

activities and subject to human control - because it is these emissions that have the potential to alter the cl
disrupting the natural balances in carbon's biogeochemical cycle, and altering the atmosphere's heat-trapp
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Thus, for processes with G@missions, if (&) the emissions are from biogenic materials and (b) the materials

are grown on a sustainable basis, then those emissions are considered to simply close the loop in the natu
cycle -- that is, they return to the atmosphere @hich was originally removed by photosynthesis. In this case,
CO, emissionsare notcounted. (For purposes of this analysis, biogenic materials are paper, yard trimmings,
food scraps.) On the other hand, &&issions from burning fossil fuedse counted because these emissions
would not enter the cycle were it not for human activity. Likewise, €Hissions from landfillare counted - even
though the source of carbon is primarily biogenic,@iduld not be emitted were it not for the human activity of
landfilling the waste, which creates anaerobic conditions conducive fo@Hition.

Note that this approach does not distinguish between the timing oé1@i8sions, provided that they occu
a reasonably short time scale relative to the speed of the processes that affect global climate change. In ot
as long as the biogenic carbon would eventually be released,ag @a@s not matter whether it is released virtu

ral carbon
the
and

rin
her words,
ally

instantaneously (e.g., from combustion) or over a period of a few decades (e.g., decomposition on the fore

5t floor).

newspapers) are all originally produced by trees or other plants. As described in the text box above, the

CO; emitted from these materials during composting is biogenig &@ thus is not counted in GHG
emissions.

There is some potential for the composting of yard trimmings to result in production of more
humic material (natural organic polymers, which degrade at a slow rate) than is produced when yard

trimmings are left to decompose in the yard. This process may act to enhance long-term carbon
soils to which compost is applied.

storage in

Although composting may result in some production of methane (due to anaerobic decomposition

in the center of the compost pile) compost researchers believe that the methane is almost alway:
to CQ, before it escapes from the compost pile.

s oxidized

Because the CCemissions from composting are biogenic, and there are generally no methane
emissions, the only GHG emissions from composting result from transportation of compostable materials
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to composting facilities, and mechanical turning of the compost piles. Carbon cycling in compost
operations is discussed in Chapter 5.

Combustion: When waste is combusted, two GHGs are emitteda@NO. Non-biogenic CQ
emitted during combustion (i.e., G®om plastics) is counted toward the GHG emissions associated
with combustion, but biogenic G@& not. Because most waste combustors produce electricity that
substitutes for utility-generated electricity, the net GHG emissions are calculated by subtracting the
utility GHG emissions avoided from the gross GHG emissions. GHG emissions from combustion are
described in Chapter 6.

Landfilling: When organic matter is landfilled, some of this matter decomposes anaerobically and
releases methane, a GHG. Some of the organic matter never decomposes at all; instead it becomes
sequestered carbon. (Landfilling of metals and plastics does not result in either methane emissions or
carbon sequestration).

At some landfills, virtually all of the methane produced is released to the atmosphere. The gross
GHG emissions from these landfills consist of the methane emissions. At other landfills, methane is
captured for flaring or combustion with energy recovery (i.e., electricity production). Most of the
captured methane is converted to O@hich is not counted as a GHG because it is biogenic. With
combustion of methane for energy recovery, credit is given for the electric utility GHG emissions
avoided. Regardless of the fate of methane, credit is given for the landfill carbon sequestration associated
with landfilling of some organic materials. GHG emissions and carbon sinks from landfilling are
described in Chapter 7.
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2. RAW MATERIALS ACQUISITION AND MANUFACTURING

To estimate the GHG emissions and sinks for the full life cycle of MSW materials, we needed to
estimate the GHG emissions associated with raw materials acquisition and manufacturing. This chapter
describes how we estimated these emissions for ten materials: newspaper, office paper, corrugated boxes,
mixed paper, aluminum cans, steel cans, glass containers, and three types of plastic (LDPE, HDPE, and
PET).

In manufacturing, substantial amounts of energy are used in the acquisition of raw materials and in
the manufacturing process itself. In general, the majority of energy necessary for these activities comes
from fossil fuels. Combustion of fossil fuels results in emissions of &@reenhouse gas, and trace
amounts of other GHGs that are not included in the analysis. In addition, manufacturing of some
materials also results in GHG emissions that are not associated with energy consumption. Section 2.1
addresses energy-related €nissions, and section 2.2 covers non-energy GHGs.

2.1 GHG EMISSIONS FROM ENERGY USE IN RAW MATERIALS ACQUISITION AND
MANUFACTURING

To begin our analysis, we estimated the GHG emissions from fossil fuel combustion for both (1)
raw materials acquisition and manufacturing (referred to here as "process energy"), and (2) transportation
(referred to as "transportation energy").

In this analysis, process energy GHG emissions consist primarily of T@ majority of CQ
emissions are from combustion of fuels used directly, e.g., to operate mining equipment or to fuel a blast
furnace. Because fuel is also needed for "pre-combustion” activities (such as oil exploration and
extraction, coal mining and beneficiation, and natural gas production)@®sions from "pre-
combustion" activities are also counted in this category. When electricity is used in manufacturing, the
CO; emissions from the fuels burned to produce the electricity are also counted. In general, making a
material from recycled inputs requires less process energy than making the material from virgin inputs.

Transportation energy GHG emissions consist of @@issions from combustion of fuels used to
transport raw materials and intermediate products to the final manufacturing or fabrication facility. For
transportation of recycled inputs, this analysis considers transportation (1) from the curbside to the
materials recovery facility (MRF), (2) from the MRF to a broker, and (3) from a broker to the plant or
mill where the recycled inputs are used. The transportation values for recycled inputs also generally
include the energy used to process the inputs at a MRF. Transportation of finished manufactured goods
to consumers is not included in the analysis. We did not consider the global warming impacts of

' Note, however, that C@missions from combustion of biomass are not counted as GHG emissions (as
described in Chapter 1). For example, paper manufacturing uses biomass as a fuel.
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transportation emissions of nitrogen oxides (N®uch emissions contribute indirectly to climate
changé. This omission would tend to slightly understate the GHG impacts from transportation.

We also considered the methane emissions associated with producing, processing, and
transporting coal, oil, and natural gas. Methane is emitted during the various stages of fossil fuel
production because methane is trapped within coal and oil deposits, and because natural gas consists
largely of methane.

We developed separate estimates for GHG emissions from process and transportation energy for
virgin inputs and recycled inputs, generating a total of four separate GHG emissions estimates for each
material: (1) process energy with virgin inputs, (2) process energy with recycled inputs, (3) transportation
energy with virgin inputs, and (4) transportation energy with recycled inputs.

Methodology

We developed GHG emission estimates for each material based on two sets of data: (1) the
amount of each type of fuel used to make one ton of the material, and (2) the "carbon coefficient" for
each fuel (a factor that translates the energy value of fuel combusted into the mass of GHGs emitted).

Our methodology in using these two sets of data to estimate process and transportation energy
GHG emissions is best illustrated by an example. To estimate process energy GHG emissions from the
production of one ton of newspaper from virgin inputs, we multiplied the amount of each type of fuel
used (as measured in million British thermal units, or BTUSs) times the carbon coefficient for that type of
fuel (as measured in metric tons of carbon equivalent, or MTCE, per million BTUs). Each of these
multiplications yielded an estimate, for one of the fuels used to make newspaper, of the amount of GHGs
emitted (in MTCE) from the combustion of that fuel when one ton of newspaper is made. The total
process energy GHG emissions from making one ton of newspaper are simply the sum of the GHG
estimates across the different fuels used. To estimate the GHG emissions when electricity is used, we
used the national average mix of fuels used to make electricity.

We estimated GHGs from the energy used to transport raw materials for making one ton of a given
product (e.g., newspaper) in the same way: the amount of each fuel used was multiplied by its carbon
coefficient, and the resulting values for each of the fuels were summed.

To count "pre-combustion” energy, we scaled up the amount of each fuel combusted during
manufacture by the amount of energy needed to produce that foehis approach, we used the
simplifying assumption that when oil is produced, oil is used as the energy source in oil production,
while natural gas is used for natural gas production, etc.

? Because the Intergovernmental Panel on Climate Change (IPCC) has not established a method for
estimating the global warming implications of emissions of nitrogen oxides, we have not attempted such an
estimation.

° The proportion of precombustion energy, as a percent of total combustion energy, varies among fuels. The
following values represent the percentage of total combustion energy, for each source category, attributable to
precombustion energy. The precombustion energy equals 18.5 percent of the combustion energy for diesel, 20.5
percent for gasoline, 17.2 percent for residual fuel oil 18.5 percent for distillate fuel oil, 12.1 percent for natural gas,
and 2.4 to 2.7 percent for coal. Source, Franklin Associates, Ltd.
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We developed GHG estimates for raw materials acquisition and manufacturing for each of the ten
manufactured materials considered in this report. We then developed GHG estimates for tissue paper and
folding boxes to enable us to estimate the GHG implications of increased recycling of office paper and
corrugated boxes, respectively, in an "open loop." We also developed GHG estimates for boxboard and
paper towels to enable us to estimate the GHG implications of recycling mixed paper in an “opén loop.”
Thus, the exhibits in this chapter show data not only for the ten materials of interest, but also for tissue
paper, folding boxes, boxboard, and paper towels. For steel cans, we developed GHG estimates for virgin
production using the basic oxygen furnace protessi for recycled production using the electric arc
furnace process.

For the amounts of each type of fuel used for process and transportation energy, we obtained two
independent sets of estimates from two consulting firms that have expertise in lifecycle analysis: Franklin
Associates Ltd. (FAL), and the Tellus Institute (Tellus). For carbon coefficients, we used data from the
Energy Information Administration of the US Department of Enefgyall fuels except diesel fuel and
electricity; for the latter fuels we used data from the American Council for an Energy-Efficient
Economy? The carbon coefficient for electricity was based on the weighted average carbon coefficients
for all fuels used to generate electricity in the US.

“Note that only Franklin Associates, Ltd. provided virgin and recycled manufacturing and transportation
data for boxboard and paper towels. For virgin boxboard, there is only one type of product manufactured, as shown
in Exhibits 2-3 and 2-4. For recycled boxboard, there are two types of products for which we obtained two different
sets of manufacturing and transportation data as shown in Exhibits 2-5 and 2-6. We have labeled the two types of
boxboard as boxboard “A” and boxboard “B.” These two products differ with respect to their recycled material
inputs only (i.e., the proportion of newsprint, corrugated cardboard, office paper, and coated paper used to
manufacture either boxboard “A” or boxboard “B”); both products share the same manufacturing and transportation
values for virgin inputs. In other words, there would be no reason to distinguish between boxboard “A” and
boxboard “B” if one considers virgin inputs only; in this case, there would only be one type of product—virgin
boxboard (as stated above).

° Note that the basic oxygen furnace process can utilize approximately 25 percent recycled inputs.

® Note that when recovered steel cans are used as inputs to an electric arc furnace, the resulting steel is not
suited for milling to the thinness of steel sheet needed for use in making new steel cans. Thus, a more precise
approach would have been to model recovery of steel cans as an open loop process, in which recovered steel cans
are made into some other steel product. By modeling recovery of steel cans as a closed loop process, we implicitly
assumed that each ton of steel produced from recovered steel cans in an electric arc furnace displaces a ton of steel
produced from virgin inputs in a basic oxygen furnace; we believe this is a reasonable assumption. (For the
fabrication energy required to make steel cans from steel, we used the values for fabrication of steel cans from steel
produced in a basic oxygen furnace.)

" Energy Information Administration, US Department of Energy, DEaftssions of Greenhouse Gases in
the United States 1989-19920E/EIA-0573-annual (Washington, D.C.: US Department of Energy), in press 1995,
cited in US Environmental Protection Agen&yaft Inventory of US Greenhouse Gas Emissions and Sinks: 1990-
1996 (Washington, D.C.: US EPA),April 1998.

° R. Neal Elliott, Carbon Reduction Potential from Recycling in Primary Materials Manufacturing,
(Berkeley, CA: American Council for an Energy-Efficient Economy), February 8, 1994, p. 14.

° FAL and Tellus reported the BTU value for electricity in terms of the BTUs of fuel combusted to generate

the electricity used at the factory, rather than the (much lower) BTU value of the electricity that is delivered to the
factory. Thus, FAL and Tellus had already accounted for the efficiency of converting fuels to electricity, and the
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Because the carbon coefficients from these sources accounted for only,temiS€lons from
combustion of each type of fuel, we added to these carbon coefficients (1) the average amount of
methane emitted during the production, processing, and transportation of fossil fuels, and (2) the average
CO, emissions from oil production, due to the flaring of natural gas. We calculated the average GHG
emissions associated with US production of coal, oil, and natural gas. The resulting average estimates for
GHG emissions from fossil fuel production were 0.92 kilograms of carbon equivalent per million BTUs
(kg CE/million BTU) for coal, 0.10 kg CE/million BTU for oil, and 0.70 kg CE/million BTU for natural
gas®

The carbon coefficients that reflect both £add methane emissions are provided in Exhibit 2-1
(all exhibits are provided at the end of this chapter).

The process and transportation GHG values are shown in summary form in Exhibit 2-2. For each
product and each type of input (virgin or recycled), we summed the estimates for process and
transportation GHG emissions based on the FAL data, and then repeated the summation using the Tellus
data. Both sets of summed estimates are listed in Exhibit 2-2 in columns "b" (for virgin inputs) and "c"

(for recycled inputs)* Although these estimates do not represent minimum or maximum values, we
believe that they do portray the variability in actual industry values for each material.

We also estimated the energy-related GHG emissions from manufacturing each material from the
current mix of virgin and recycled inputs. To do so, we averaged the two estimates for each material
based on FAL and Tellus data; the results are shown in column "e." (The remaining two columns of
Exhibit 2-2 are discussed later in this chapter.)

The FAL and Tellus values for energy use are provided in Exhibits 2-3 through 2-10. Exhibits 2-3
through 2-6 present the FAL data - providing, in turn, the data used to estimate energy-related GHG
emissions for products manufactured from virgin inputs, and then the data for energy-related GHG
emissions for products manufactured from recycled inguEshibits 2-7 through 2-10 present the Tellus
data, which are organized in the same Way.

losses in transmission and distribution of electricity; and we did not need to account for these factors in the carbon
coefficient for electricity.

19|CF Memorandum, "Fugitive Methane Emissions from Production of Coal, Natural Gas, &n&ugilst
8, 1995, updated to use global warming potential for methane of 21.

" Note that in Exhibit 2-2, only Franklin Associates, Ltd. provided virgin and recycled data for boxboard,
paper towels, and glass containers.

> Note that when paper is made from virgin inputs, a substantial amount of biomass fuel (e.g., black liquor
from the digestion process and tree bark) is used. However, when paper is made from recycled inputs, no biomass
fuel is used.

* Note that in Exhibits 2-7 and 2-9, Tellus included values for the energy content of steam used in
manufacturing. We translated these steam energy values into fuel inputs as follows: (1) we assumed that the energy
content of the fuels combusted was converted into steam energy at a conversion efficiency of 85 percent; (2) for
paper products, made from virgin or recycled inputs, we used a fuel mix for steam of 40 percent oil, 33 percent
biomass, 17 percent natural gas, and 10 percent coal; and (3) for non-paper products made from virgin or recycled
inputs, we used a fuel mix for steam of 50 percent natural gas, 25 percent coal, and 25 percent oil (based on ICF
professional judgment).
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For most materials, both FAL and Tellus provided data for fuels used in manufacturing processes
that use (1) 100 percent virgin inputs and (2) 100 percent recycled ihfpotestimate the types and
amounts of fuels used for process and transportation energy, FAL and Tellus relied on published data
(such as engineering handbooks and published production data), and on personal contacts with industry
experts. FAL and Tellus counted all energy, no matter where it was used. For example, much aluminum
produced in the US is made from bauxite that is mined and processed into alumina in other countries.
The energy required for overseas bauxite mining and processing is counted in the analysis. In addition, it
does not matter where recycled inputs are made into remanufactured products. For example, if office
paper that is recovered in the US is remanufactured into paper products in Asia, the energy savings from
remanufacture using recycled rather than virgin inputs are counted.

Neither the FAL nor the Tellus transportation data reflect transportation of the finished
manufactured product to the retailer and consumer. This omission is only important in estimating the
GHG reductions associated with source reduction (i.e., source reduction reduces transportation energy).
It is not relevant in analyzing GHG implications of recycling compared to other post-consumer
management options, because the amount of transportation energy from the factory to the consumer is
about the same whether the product is manufactured from virgin inputs or recycled inputs. Even for the
source reduction analysis, we expect that the transportation energy from factory to consumer would
represent a very small fraction of the total process and transportation energy.

After FAL and Tellus had developed their initial estimates of process energy intensity and fuel
mix, we reviewed and verified the data by analyzing significant discrepancies between the estimates
provided by the two firms. Where discrepancies were found, we reviewed the most critical assumptions
and data elements that each firm used, and identified circumstances where it would be appropriate for
one firm to revise its assumptions or update its data sotir€hs. effect of this process was to arrive at
estimates by the two firms that were closer to each other and, we expect, more accurately reflect the
energy used in raw materials acquisition and manufacturing of the materials considered. Nevertheless, we
recognize that different manufacturers making the same product use somewhat different processes with
different energy requirements and fuel mixes, and that there are limited data on the extent to which
various processes are used. Thus, our goal was to estimate as accurately as possible the national average
GHG emissions for the manufacture of each material from virgin and recycled inputs.

“ The three exceptions were (1) the FAL data for corrugated boxes made from virgin inputs, for which
FAL provided data for manufacture from 90.2 percent virgin inputs and 9.8 percent recycled inputs, (2) the FAL
data for steel cans made from virgin inputs, for which FAL provided data for manufacture from 80 percent virgin
inputs and 20 percent recycled inputs, and (3) the Tellus data for steel cans made from virgin inputs, for which
Tellus provided data for manufacture from 90 percent virgin inputs and 10 percent recycled inputs. We extrapolated
from these data (and the corresponding values for production using 100 percent recycled inputs) to obtain estimates
of the energy inputs for manufacturing these materials from 100 percent virgin inputs.

 For example, some of the data issues that we reviewed and decided on were (1) the fuel mix to assume
for electricity used to manufacture aluminum (the national average fuel mix for generating electricity was used,
because electricity generated from all types of fuel is sold as a single commaodity through interconnected regional
grids meaning that, while aluminum is largely processed in the West where hydropower is abundant, aluminum
processing draws from the grid so all power sources are mixed), (2) whether to inclygletbembustiohenergy
for fossil fuels, i.e., the energy required to extract, refine, and deliver the fuels (pre-combustion energy was
counted), (3) whether to use data for use of recovered materialssed loop or "open loop processes (we used
a"closed loopy model for most materials), and (4) what loss rates should be used (we averaged the FAL and Tellus
loss rates).
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In order to make the best use of all available data for each material, we averaged the FAL and
Tellus estimates of GHG emissions for manufacturing the material from (1) virgin inputs, and (2)
recycled inputs. These averaged values are used in all of the computations displayed in the executive
summary and in Chapter 8, which present overall results of the analysis.

Complete documentation of the FAL and Tellus data on the types and amounts of fuels used for
process and transportation energy, including data sources, is provided in Background Documents A and
B, available in the docket at the RCRA Information Center.

2.2 NON-ENERGY GHG EMISSIONS FROM MANUFACTURING AND RAW MATERIALS
ACQUISITION

We also accounted for three additional sources of GHGs in manufacturing processes that are not
related to energy use:

. When limestone (calcium carbonate, or Cgld®converted to lime (calcium oxide, or
Ca0), CQis emitted. Significant quantities of lime are used in the production of steel,
aluminum, and, to a much lesser extent, office paper.

. Methane emissions from natural gas pipelines and processing of natural gas are associated
with the manufacture of plastic products.

. Perfluorocarbons (GFand GFg) are emitted during aluminum smelting.

In most cases, process non-energy GHG emissions are only associated with production using
virgin inputs. In the case of steel, however, these emissions result when either virgin or recycled inputs
are used (because lime is used in the production of steel from recycled as well as virgin inputs).

The process non-energy GHGs for each material are shown in the second to last column of
Exhibits 2-3 and 2-5 (for manufacture from virgin inputs and recycled inputs, respectively), and are
repeated in column "f* of Exhibit 2-2. Our source for all these data, except the perfluorocarbon
emissions, is an appendix to a report prepared for the EPA Office of Policy, Planning, and Evaluation.
Our source for the perfluorocarbon emissions is a memorandum prepared'by ICF.

2.3 RESULTS

Our estimates of the total GHG emissions from raw materials acquisition and manufacturing for
each material are shown in Exhibit 2-2, column "g." In order to obtain these estimates, we summed the
energy-related GHG emissions (column "e") and the non-energy GHG emissions (column "f").

18 1|CF Memorandum’ Detailed Analysis of Greenhouse Gas Emissions Reductions from Increased
Recycling and Source Reduction of Municipal Solid Wastely 29, 1994, p. 48 of the Appendix prepared by
Franklin Associates, Ltd., dated July 14, 1994.

" Memorandum from ICF to US EPAPerfluorocarbon Emissions from Aluminum Smeltinilarch 27,

1996. Memorandum from ICF to US EP&Rerfluorocarbon Emissions from Aluminum Smeltinglarch 27,
1996.
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The process energy and transportation GHG values that were developed as described earlier in this
chapter are shown in the third to last columns of Exhibits 2-3 and 2-5, and in the last columns of Exhibits
2-4 and 2-6 through 2-10 (the last columns of Exhibits 2-3 and 2-5 show the total process energy GHG
emissions).

Because we had two independent sets of data on the amounts of each type of fuel used in making
each product, we were able to develop both range estimates and point estimates of the energy-related
GHG values for manufacturing each material from virgin or recycled inputs, and from the current mix of
virgin and recycled inputs. In this report, for purposes of analyzing the GHG emissions associated with
the manufacturing stage of the product lifecycle, we are using the values in column "g" of Exhibit 2-2 for
total manufacturing GHG emissions (i.e., averages of point estimates). Depending on the inputs being
considered, the appropriate value for total GHG emissions is used (i.e., the value for manufacture from
virgin inputs, recycled inputs, or the current mix of virgin and recycled inputs).

2.4  LIMITATIONS OF THE ANALYSIS

There are several limitations to the analysis of the GHG emissions associated with raw materials
acquisition and manufacturing, as described below.

The approach used in this analysis provides values for the average GHG emission rates per ton of
material produced, not the marginal emission rates per incremental ton produced. In some cases, the
marginal emission rates may be significantly different. For example, reducing production of plastic
products from virgin inputs may not result in a proportional decrease in methane emissions from natural
gas pipelines and natural gas processing. Natural gas pipeline methane emissions are determined by the
operating pressure in natural gas pipelines, and the number and size of leaks in the pipeline.
Consequently, the amount of natural gas consumed at one end of the pipeline (e.g., to make plastic) does
not affect the level of pipeline methane emissions in a direct, linear way. As another example, long-term
reductions in electricity demand could selectively reduce demand for specific fuels, rather than reducing
demand for all fuels in proportion to their representation in the current average fuel mix. This analysis
estimates average carbon conversion rates largely because the marginal rates are much more difficult to
estimate. Nevertheless, we believe the average values provide a reasonable approximation of the GHG
emissions.

In addition, the analysis assumes that the GHG emissions from manufacturing a given product
change in a linear fashion as the percentage of recycled inputs moves from 0 percent to 100 percent. In
other words, the analysis assumes that both the energy intensity and the fuel mix change in linear paths
over this range. However, it could be that GHG emissions from manufacturing move in a non-linear path,
(e.g., some form of step function) when the percentage of recycled inputs changes, due to capacity limits
in manufacturing or due to the economics of manufacturing processes.

Although we developed two sets of energy data for most of the materials, we obtained only one set
(from Franklin Associates, Ltd.) for virgin and recycled energy use for boxboard, paper towels, and glass
containers. Similarly, very limited data were available for the typical proportions of virgin and recycled
inputs for tissue paper, folding boxes, boxboard, paper towels, and glass.

The transportation energy required for the final stage of transportation (to the consumer) was not

considered. Consequently, some carbon emissions reductions for "lightweighted” products for these
transportation stages were not considered; these savings are likely to be small.
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The information used in this analysis represents the best available data from published and
unpublished industry sources, some dating back to the early 1980s. Therefore, the data do not
necessarily reflect recent trends in industrial energy efficiency or changes in the fuel mix. Although the
limitations in the energy data have been fully acknowledged in earlier versions of this report, and we
have specifically encouraged reviewers to provide updated or more complete data, no additional energy
data was brought to our attention as a result of the review process.

Finally, this static analysis does not consider potential future changes in energy usage per unit of
output or alternative energy (e.g., non-fossil) sources. Reductions in energy inputs, due to efficiency
improvements, could occur in either virgin input processes or recycled input processes. Efficiency
improvements and switching to alternative energy sources will result directly in GHG emissions
reductions, and may change the reductions possible through increased recycling or source reduction.
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Exhibit 2-1
Carbon Coefficients
For Selected Fuels

Metric Tons of CO , kg Carbon Equivalent (CE) Metric Tons of Fugitive kg CE from Fugitive kg CE
from Combustion per from Combustion Per Mg¢thane Emissions Per  Mgthane Emissions  Emitled Per Million

Fuel Type Million BTUs Million BTUs Million BTUs Per Million BTUs BTUs Consumed
Gasoline 0.07 19.54 0.00002 0.098 19.64
LPG 0.06 17.13 0.00002 0.10 17.23
Distillate Fuel 0.07 20.06 0.00002 0.10 20.16
Residual Fuel 0.08 21.60 0.00002 0.10 21.70
Diesel 0.08 20.91 0.00002 0.10 21.01
Oil/Lubricants 0.07 20.35 0.00002 0.10 20.45
Steam (non-paper products) 0.07 18.73 0.00011 0.61 19.33
Steam (paper products) 0.05 13.16 0.00004 0.25 13.41
National Average Fuel Mix for Electri 0.06 16.21 0.00010 0.58 16.80
National Average Fossil Fuel Mix for 0.09 24.14 0.00015 0.87 25.01
Coal Used for Electricity 0.09 25.71 0.00016 0.92 26.63
Coal Used by Industry (Non-Coking 0.09 25.61 0.00016 0.92 26.53
Natural Gas 0.05 14.47 0.00012 0.70 15.17
Other (Petroleum Coke) 0.10 27.96 0.00002 0.10 28.06

Note that totals may not add due to rounding and more digits may be displayed than are significant.

NA: Not applicable, or in the case of composting of paper, not analyzed.
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Exhibit 2-2
Greenhouse Gas Emissions from the Manufacture of Selected Materials
(Metric Tons of Carbon Equivalent (MTCE) per Ton of Product)

() (b) © (d) (e) ® (@
Current Mix Combined
Virgin Input Combined Recycled Input Combined Process and Transportation Average Combined
Process and Transportation Process and Transportation Percent Recycled Energy Emissions Process Process and Transportation
Energy Emissions Energy Emissions Inputs in the Current (MTCE Per Ton of Product Non-Energy Energy and Process
(MTCE Per Ton of Product (MTCE Per Ton of Product Mix of Virgin and Made with the Current Mix of Emissions (MTCE Per Non-Energy Emissions
Made With Virgin Inputs) Made With Virgin Inputs) Recycled Inputs Virgin and Recycled Inputs) Ton of Product) (MTCE Per Ton of Product)
FAL Tellus FAL Tellus FAL Tellus FAL Tellus Virgin Recycled Current Virgin Recycled Current

Type of Product Est. Est. Est. Est. Est. Est. Est. Est. Inputs Inputs Mix Inputs Inputs Mix
Newspaper 0.54 0.55 0.39 0.38 44% 39% 0.47 0.48 0.00 0.00 0.00 0.55 0.38 0.48
Office Paper 0.57 0.53 0.50 0.42 31% 32% 0.55 0.50 0.01 0.00 0.01 0.56 0.46 0.53

Tissue Paper 0.66 0.51 0.59 0.36 NA NA 0.66 0.51 0.01 0.00 0.01 0.59 0.48 0.59
Corrugated Boxes 0.27 0.48 0.40 0.53 46% 51% 0.33 0.51 0.00 0.00 0.00 0.38 0.47 0.42

Folding Boxes 0.42 0.51 0.45 0.56 NA NA 0.42 0.51 0.00 0.00 0.00 0.46 0.50 0.46
Mixed Paper

Boxboard "A" * 0.33 NA 0.44 NA| NA NA 0.33 NA| 0.00 0.00 0.00 0.33 0.44 0.33

Boxboard "B" * 0.33 NA 0.44 NA NA NA 0.33 NA 0.00 0.00 0.00 0.33 0.44 0.33

Paper Towels 0.95 NA 0.78 NA NA NA 0.95 NA 0.00 0.00 0.00 0.95 0.78 0.95
Aluminum Cans 3.91 3.71 0.68 0.75 52% 51% 2.22 2.20 1.59 0.00 0.76 5.39 0.72 297
Steel Cans 0.79 0.97 0.28 0.30 45% 51% 0.56 0.63 0.24 0.24 0.24 112 0.53 0.83
Glass Containers 0.12 NA 0.07 NA 25% NA 0.11 NA 0.04 0.00 0.03 0.16 0.07 0.14
HDPE 0.51 0.79 0.25 0.32 24% 22% 0.45 0.68 0.05 0.00 0.04 0.70 0.28 0.61
LDPE 0.63 1.05 0.23 0.42 0% 0% 0.63 1.05 0.05 0.00 0.05 0.89 0.33 0.89
PET 0.98 1.29 0.40 0.50 27% 25% 0.82 1.09 0.03 0.00 0.02 1.16 0.45 0.98

Note that totals may not add due to rounding and more digits may be displayed than are significant.

NA: Not applicable, or in the case of composting of paper, not analyzed.

* For virgin Boxboard, there is one type of product manufactured for which we obtained manufacturing and transportation data. For recycled Boxboard, there are two types of products for which we obtained two
different sets of manufacturing and transportation data. Boxboard "A" and Boxboard "B" differ with respect to their recycled material inputs only (i.e., the proportion of newsprint, corrugated boxes, office paper, and
coated paper used to manufacture either Boxboard "A" or Boxboard "B"). If one does not consider the current mix of virgin and recycled inputs, then there is no reason to distinguish between Boxboard

"A" and Boxboard "B"; in this case, there is only one product to consider--virgin Boxboard (as stated above).

Explanatory notes: To estmate theGHG emissions fran manufacturingwe first estinated the process and transportatBG emissionswhen100 perent virgin
inputs, or 100 percent rgded inputs, are used. Feachproduct andeach ype of input irgin or reg/cled), we first summed the estnatesfor process and transportatiGhlG
emissions based on theéAE data, and then repeated thenstation usimy the Tellus dataThese smmed estinates are shen abaein columns”b" (for virgin inputs) andc" (for
reg/cled inputs) Two sunmed estinates are shwn for eachmaterial in eachaumn: the "FAL estimate" and the "Tellus estinate." However, br boxboard, paper towels, and
glass,we obtained datirom FAL only.

Nextwe estimated he GHG emissions from manufacturing eachmaterial fiom the aurrent mix of virgin and reg/cled inputs. Webeganwith estimatesof the percentageof
reg/cled inputs currenglused in thenanuacture é eachmaterial, asIsown in column "d." We used hesepercettages tadevebp aweighted average vae for the GHG
emissions assciatedwith the manufacture of eachmaterial flom the arrent mix of virgin and reg/cledinputs. Spefically, we used the &L estimate d the percenige d regcled
inputs in the currentix, togetherwith the FAL estimatesfor GHG emissionsfrom manufacture usig virgin or regcled inputsto develop FAL estimates & GHG emissionsfrom
manuacture usig the currentmix of virgin and regcled inputs (labeletiFAL estmaté' in column "€"). We repeated the processing theTellus data (labeletTellus estinate” in
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Explanatory notes for Exhibit 2-2 (continued): column "€"). However, for tissue papefplding baxes, baboard ‘A”, boxboard “B”, paper tarels, andjlass,we were unable
to obtain esthates & the proportions foreg/cled andvirgin inputs used in the curremtanuacturirg mix.

Column "f" shows estimates 6 the process non-erggrGHG emissionsfrom manuacturirg. First this colmn shavs the process noerergy GHG emissions when virgin
inputs are used:hen it shavs the enissionswhen regcled inputs are used (thegglues are siply copiedfrom thefinal columns d Exhibits 2-3 and 2-5). Final| column "f"
shaws the process non-eiggrGHG emissionsfrom manuacturirg eachproductfrom the currentmix of virgin and regcled inputsThevaluesfor the currentix are the
weighted arerages d thevaluesfor virgin and regcled inputs, based on the perceetaf reg/cled inputs used in the curremix (as shan in colunn "d").

The totalGHG emissionsfrom manuacturirg are shavn in column "g." This colunn shavs totalGHG emissionswhen a product imanufactured from virgin or reg/cled
inputs, orfrom the currentnix of virgin and regcled inputsTo obtain thesgealues,we first developed wo estmates & the GHG emissions for eacmaterial and each set of
inputs. One egtiate is based onAL data, and the other is basedT@llus data (these estates included both ergrrelatedGHG emissions and process non-epeGHG
emissions). The valles in olumn "g" are he averagesf the estinatesbasedon FAL and Tellus data.
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Exhibit 2-3 (Franklin Data)
GHG Emissions Per Ton of Product Manufactured from Virgin Inputs
Process GHGs Only

Process Energy
(Million BTUs Per

Average Fuel Mix (in Percent)

Process Energy
Carbon Emissions

Process Non-Energy
Carbon Emissions

Total Process
arbon Emissions

Type of Product Ton of Product) asoline  LPG Dstillate Fuel Rgsidual Fuel  Biorpass Diesgl Elecfricity Coal| Naturgl Gas Total (MTCH/Ton of P roduct) (MTCE/Ton of Product) (MTCE/Ton of Product)
Newspaper 33.96 0.00 | 0.06 0.08 0.49 6.53 0.82 57.54 1.07 33.41 | 100.00 0.52 0.00 0.52
Office Paper 54.80 1.99 | 0.00 0.01 4.34 50.07 0.00 24.75 9.78 9.06 | 100.00 0.52 0.01 0.53
Tissue Paper 52.09 2.29 | 0.00 3.35 13.19 40.88 0.00 18.90 | 11.95 9.44 | 100.00 0.61 0.01 0.62
Corrugated Boxes 30.01 0.00 | 0.00 0.01 1.62 56.06 121 19.67 8.75 12.68 | 100.00 0.24 0.00 0.24
Folding Boxes 40.12 2.79 | 0.00 1.44 5.88 47.87 0.00 18.22 | 10.29 13.52 | 100.00 0.40 0.00 0.40
Boxboard 32.26 0.00 | 0.00 0.00 0.94 59.34 1.36 5.32 | 24.01 9.02 | 100.00 0.29 0.00 0.30
Paper Towels 73.44 0.00 | 0.00 0.01 1.80 24.89 0.45 28.15 2.93 41.78 | 100.00 0.91 0.00 0.91
Aluminum Cans 226.85 0.00 | 0.01 0.23 1.25 0.00 0.22 84.18 0.25 13.86 | 100.00 3.78 1.59 5.37
Steel Cans 31.58 0.21 | 0.00 5.06 0.35 0.00 0.00 21.02 | 53.90 19.45 | 100.00 0.69 0.24 0.93
Glass 6.62 0.54 | 0.00 1.40 0.45 0.27 0.00 10.65 7.52 79.15 | 100.00 0.11 0.04 0.15
HDPE 30.71 0.10 | 0.03 0.23 0.72 0.00 0.00 42.46 0.00 56.46 | 100.00 0.49 0.05 0.54
LDPE 37.68 0.08 | 0.03 0.19 0.58 0.00 0.00 51.11 0.00 48.01 | 100.00 0.60 0.05 0.66
PET 50.51 0.05 | 0.05 5.88 15.56 0.00 0.00 51.66 6.14 20.67 | 100.00 0.91 0.03 0.94

Note that totals may not add due to rounding and more digits may be displayed than are significant.
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Exhibit 2-4 (Franklin Data)
GHG Emissions Per Ton of Product Manufactured from Virgin Inputs
Transportation GHGs Only

Transportation Energy
(Million BTUs Per

Average Fuel Mix (in Percent)

Transportation Energy Carbon Emissions
(Metric Tons of Carbon

Type of Product Ton of Product) Diesel Residual Oil Nptural Gas Eldctricity ~ Tqtal Equivalent Per Ton of Product)
Newspaper 0.77 98.59 1.14 0.17 0.10| 100.00 0.02
Office Paper 2.46 99.43 0.43 0.11 0.03| 100.00 0.05

Tissue Paper 2.46 99.43 0.43 0.11 0.03| 100.00 0.05
Corrugated Boxes 1.43 99.79 0.18 0.02 0.01]| 100.00 0.03

Folding Boxes 1.01 99.19 0.59 0.20 0.02| 100.00 0.02
Boxboar 1.79 99.93 0.05 0.01 0.00| 100.00 0.04
Paper 2.07 99.46 0.52 0.02 0.01| 100.00 0.04
Aluminum Cans 5.73 37.53 62.07 0.00 0.40| 100.00 0.12
Steel Cans 4.60 98.24 1.76 0.00 0.00| 100.00 0.10
Glass 0.58 88.96 2.64 6.51 1.90( 100.00 0.01
HDPE 1.15 54.50 19.32 24.66 1.52( 100.00 0.02
LDPE 1.15 54.50 19.32 24.66 1.52 100.00 0.02
PET 3.27 79.65 16.63 2.42 1.31 100.00 0.07

Note that totals may not add due to rounding and more digits may be displayed than are significant.
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Exhibit 2-5 (Franklin Data)
GHG Emissions Per Ton of Product Manufactured from Recycled Inputs
Process GHGs Only

Process Energy |

Process Energy

Process Non-Energy

Total Process

(Million BTUs Per Average Fuel Mix (in Percent; [Carbon Emissions Chrbon Emissions Cafbon Emissions

Type of Product |Ton of Product) Gpsoline LPG Digtillate Fuel Residual Fuel Bioras q Diesel [Electricity [Coal Natural Gas [rotal (M[TCE/Ton of Product (MTCE/Ton of Product J(MTCE/Ton of Product
Newspaper 23.01 0.00 | 0.22 0.12 0.05 0.00 | 0.00 59.65 | 0.95 39.02 | 100.00 0.37 0.00 0.37
Office Paper 26.46 0.00 | 0.00 14.29 13.26 0.00 | 0.00 48.64 | 0.00 23.81 | 100.00 0.46 0.00 0.46

Tissue Paper 26.46 0.00 | 0.00 14.29 13.26 0.00 | 0.00 48.64 | 0.00 23.81 | 100.00 0.46 0.00 0.46
Corrugated Boxes 15.95 0.00 | 0.13 0.01 1.29 0.00 | 0.66 44.81 | 30.08 23.00 | 100.00 0.31 0.00 0.31

Folding Boxes 18.90 0.00 | 0.00 0.00 3.22 0.00 | 0.00 36.23 | 22.45 38.10 | 100.00 0.35 0.00 0.35
Boxboard* 22.53 0.00 | 0.03 0.02 0.36 0.00 | 0.49 67.46 | 24.36 7.25| 99.98 0.43 0.00 0.43
Boxboard** 22.53 0.00 | 0.03 0.02 0.36 0.00 | 0.49 67.46 | 24.36 7.25| 99.98 0.43 0.00 0.43
Paper Towels*** 51.69 0.00 | 0.00 0.00 0.45 6.94| 0.15 36.32 | 0.98 55.14 | 99.99 0.77 0.00 0.77
Aluminum Cans 40.34 0.00 | 0.00 0.00 3.10 0.00 | 0.00 39.96 | 0.00 56.94 | 100.00 0.65 0.00 0.65
Steel Cans 11.78 0.01]0.17 0.07 0.03 0.00 | 0.00 77.28 | 0.65 21.80 | 100.00 0.19 0.24 0.43
Glass 4.37 0.55] 0.00 0.39 0.25 0.25| 0.00 5.49 | 0.53 92.54 | 100.00 0.07 0.00 0.07
HDPE 12.68 0.00]0.21 0.00 0.00 0.00 | 0.00 99.79 | 0.00 0.00 | 100.00 0.21 0.00 0.21
LDPE 11.43 0.00 | 0.23 0.00 0.00 0.00 | 0.00 99.77 | 0.00 0.00 | 100.00 0.19 0.00 0.19
PET 21.87 0.00 | 0.12 0.00 0.00 0.00 | 0.00 99.88 | 0.00 0.00 | 100.00 0.37 0.00 0.37

Note that totals may not add due to rounding and more digits may be displayed than are significant.
* Recycled boxboard using a "broad" definition of mixed paper comprised of 24 percent newsprint, 48 percent corrugated cardboard, 20 percent office paper, and 8 percent coated paper.
** Recycled boxboard using a "residential" definition of mixed paper comprised of 23 percent newsprint, 53 percent corrugated cardboard, 14 percent office paper, and10 percent coated paper.

*** Recycled boxboard using an "office paper" definition of mixed paper comprised of 21 percent newsprint, 5 percent corrugated cardboard, 38 percent office paper, and 36 percent coated paper.
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Exhibit 2-6 (Franklin Data)
GHG Emissions Per Ton of Product Manufactured from Recycled Inputs
Transportation GHGs Only

Transportation Energy Transportation Energy Carbon Emissions

(Million BTUS Per Average Fuel Mix (in Percent) (Metric Tons of Carbon

Type of Product Ton of Product) Diesel Hesidual Oil Natural Gas Eldctricity  Tofal Equivalent Per Ton of Product)
Newspaper 0.75 98.67 1.08 0.15 0.10 100 0.02
Office Paper 1.61 | 100.00 0.00 0.00 0.00 100 0.03
Tissue Paper 1.61 | 100.00 0.00 0.00 0.00 100 0.12
Corrugated Boxes 1.23 99.90 0.10 0.00 0.00 100 0.09
Folding Boxes 1.29 | 99.92 0.08 0.00 0.00 100 0.10
Boxboard* 0.38 | 100.00 0.00 0.00 0.00 100 0.01
Boxboard** 0.38 | 100.00 0.00 0.00 0.00 100 0.01
Paper Towels*** 0.44 97.58 2.31 0.08 0.06 100 0.01
Aluminum Cans 1.65 | 100.00 0.00 0.00 0.00 100 0.03
Steel Cans 4.03| 99.99 0.01 0.00 0.00 100 0.08
Glass 0.34 88.61 2.61 6.53 1.95 100 0.01
HDPE 1.74 |1 100.00 0.00 0.00 0.00 100 0.04
LDPE 1.74 | 100.00 0.00 0.00 0.00 100 0.04
PET 1.74 1 100.00 0.00 0.00 0.00 100 0.04

Note that totals may not add due to rounding and more digits may be displayed than are significant.
* Recycled boxboard using a "broad" definition of mixed paper comprised of 24 percent newsprint, 48 percent corrugated cardboard, 20 percent office paper,
and 8 percent coated paper.
** Recycled boxboard using a "residential" definition of mixed paper comprised of 23 percent newsprint, 53 percent corrugated cardboard, 14 percent office paper,
and10 percent coated paper.
*** Recycled boxboard using an "office paper" definition of mixed paper comprised of 21 percent newsprint, 5 percent corrugated cardboard, 38 percent office paper,
and 36 percent coated paper.
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Exhibit 2-7 (Tellus Data)
GHG Emissions Per Ton of Product Manufactured from Virgin Inputs
Process GHGs Only

Process Energy
(Million BTUs Per

Average Mix of Energy Sources (percent)

Process Energy Carbon Emissions
(Metric Tons of Carbon

Type of Product Ton of Product) [Gasoline Diesel Qil Steam Electricity Cogl Natural Gas  Oth¢r Fuels  Tota Equivalent Per Ton of Product)

Newspaper 34.11 0.46 0.35| 0.27 | 28.45 70.47 | 0.00 0.00 0.00 | 100.00 0.54
Office Paper 35.18 0.89 0.71| 5.00| 77.00 16.41| 0.00 0.00 0.00 | 100.00 0.51

Tissue Paper 33.22 0.94 0.75| 5.29 | 74.17 18.84 | 0.00 0.00 0.00 | 100.00 0.48
Corrugated Boxes 32.07 0.86 0.70 | 490 | 82.58 10.95| 0.00 0.00 0.00 | 100.00 0.46

Folding Boxes 34.05 0.81 0.66 | 4.61| 80.82 13.09 | 0.00 0.00 0.00 | 100.00 0.49
Aluminum Cans 216.24 0.00 0.00 | 1.93 1.08 72.01 | 1.25 23.68 0.05 | 100.00 3.60
Steel Cans 42.10 0.03 0.36 | 2.35 6.15 34.66 [ 0.33 5.71 50.41 | 100.00 0.95
Glass 0.00 0.00 0.00 | 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
HDPE 37.29 0.00 8.10 | 0.00 1.69 23.09 [ 0.00 42.27 24.85 | 100.00 0.72
LDPE 51.78 0.00 6.91 | 0.00 5.03 31.21( 0.00 35.81 21.03 | 100.00 0.98
PET 62.51 0.00 5.61] 0.00 | 27.37 34.99 [ 0.00 10.89 21.14 | 100.00 1.25

Note that totals may not add due to rounding and more digits may be displayed than are significant.
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Exhibit 2-8 (Tellus Data)
GHG Emissions Per Ton of Product Manufactured from Virgin Inputs
Transportation GHGs Only

Transportation Energy Transportation Energy Carbon Emissions
(Million BTUs Per Average Fuel Mix (in Percent) (Metric Tons of Carbon

Type of Product ton of Product) Diesel Nftural Gas  Total Equivalent Per Ton of Product)
Newspaper 0.58 100.00 0.00 100.00 0.01
Office Paper 1.21 100.00 0.00 100.00 0.03

Tissue Paper 1.21 100.00 0.00 100.00 0.03
Corrugated Boxes 1.08 100.00 0.00 100.00 0.02

Folding Boxes 1.08 100.00 0.00 100.00 0.02
Aluminum Cans 5.29 100.00 0.00 100.00 0.11
Steel Cans 0.91 100.00 0.00 100.00 0.02
Glass 0.00 100.00 0.00 100.00 0.00
HDPE 3.72 53.25 46.75 100.00 0.07
LDPE 3.83 53.19 46.81 100.00 0.07
PET 2.48 57.44 42.56 100.00 0.05

Note that totals may not add due to rounding and more digits may be displayed than are significant.
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Exhibit 2-9 (Tellus Data)
GHG Emissions Per Ton of Product Manufactured from Recycled Inputs
Process GHGs Only

Process Energy
(Million BTUs Per

Average Mix of Energy Sources (percent)

Process Energy Carbon Emissions
(Metric Tons of Carbon

Type of Product Ton of Product) Gasoline iesel  Qil Steam Electricity Codl Natural Gas Oth¢r Fuels  Totg Equivalent Per Ton of Product)

Newspaper 18.52 0.00 0.26 | 0.00 | 41.88 57.86 | 0.00 0.00 0.00 | 100.00 0.33
Office Paper 20.80 0.00 0.23| 0.00| 62.85 36.92 | 0.00 0.00 0.00 | 100.00 0.38

Tissue Paper 0.94 0.00 0.24 | 0.00 | 58.66 41.10 | 0.00 0.00 0.00 | 100.00 0.36
Corrugated Boxes 27.31 0.00 0.17 | 0.00 | 69.47 30.36 | 0.00 0.00 0.00 | 100.00 0.51

Folding Boxes 29.23 0.00 0.16 | 0.00 | 67.11 32.72 | 0.00 0.00 0.00 | 100.00 0.54
Aluminum Cans 46.04 0.00 0.10 | 2.57 0.00 35.51| 0.00 61.82 0.00 | 100.00 0.73
Steel Cans 17.01 0.00 0.35 | 0.00 0.00 97.92 | 0.48 1.25 0.00 | 100.00 0.29
Glass 1.21 0.00 0.00 | 0.00 0.00 0.00 | 0.00 0.00 0.00 0.00 0.00
HDPE 17.85 0.00 0.27 | 0.00 0.00 99.73 | 0.00 0.00 0.00 | 100.00 0.30
LDPE 23.29 0.00 0.20 | 0.00 0.00 99.80 | 0.00 0.00 0.00 | 100.00 0.39
PET 27.84 0.00 0.17 | 0.00 0.00 99.83 | 0.00 0.00 0.00 | 100.00 0.47

Note that totals may not add due to rounding and more digits may be displayed than are significant.
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Exhibit 2-10 (Tellus Data)
GHG Emissions Per Ton of Product Manufactured from Recycled Inputs
Transportation GHGs Only

Transportation Energy Transportation Energy Carbon Emissions
(Million BTUs Per Average Fuel Mix (in Percent) (Metric Tons of Carbon

Type of Product Ton of Product) Diesel Nptural Gas [otal Equivalent Per Ton of Product)
Newspaper 2.13 100.00 0.00 100.00 0.04
Office Paper 1.87 100.00 0.00 | 100.00 0.04

Tissue Paper 0.00 100.00 0.00 | 100.00 0.00
Corrugated Boxes 1.33 100.00 0.00 100.00 0.03

Folding Boxes 0.83 100.00 0.00 100.00 0.02
Aluminum Cans 0.90 100.00 0.00 | 100.00 0.02
Steel Cans 0.82 100.00 0.00 | 100.00 0.02
Glass 0.00 100.00 0.00 | 100.00 0.00
HDPE 0.83 100.00 0.00 | 100.00 0.02
LDPE 1.56 100.00 0.00 | 100.00 0.03
PET 1.56 100.00 0.00 ] 100.00 0.03

Note that totals may not add due to rounding and more digits may be displayed than are significant.
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3. FOREST CARBON SEQUESTRATION

This chapter presents estites of the forest carbon sequestration that resufirieoycling or
source reducigmnewspaper, office paper, and cgated cardboard.

One of the lage-scale processes that influences tyeing of carbon is the upka or release of
carbon fran forests. When trees are cleared fgniaulture or other actities, carbon is released
(generaly in the fom of CQ,). On the other hand, when forests are planted and allowed to continue
growing, they absorb anospheric CQand store it in the fon of cellulose and othanaterials. When the
rate of uptée exceeds the rate of release, carbon is said<eduesteredn the US, uptiee by forests
has exceeded release since about 197mapty due to foresimanayement actvities and the
reforestation of preously cleared areas. This net stgeaof carbon in forests represents gdsand
important process — EPA astites that the annual net €flux (i.e., the excess of uggaminus release)
in US forests was about Téillion metric tons of carbon equalent (MMTCE) in 1996, offsetting about
5 percent of US engy-related CQ emissions.In addition, about 1&illion metric tons of carbon was
stored in wood products.

When paper products are source reduced gcled, trees that would otherwise bevested are
left standimg. In the short tem, this results in a lger anount of carbon n@aining sequestered, because
the standig trees continue to store carbon, whereas paper production and use tends to releaséncarbon.
the lorg tem, same of the shorterm benefits disappear asarket forces result in less plangiof new
managed forests than there would otherwise be, so that therenjgsacatvely less forest acreg in trees
that aregrowing rapidly (and thus sequestegicarbon rapigf).***

1US Em, Draft Inventory of U.S. Greenhouse Gas Emissions and Sinks: 199@861998. Note hat
the estinate cited includes oplcarbon storage in trees and undessttiis report also includes estites for forest
floor and soils.

2 The basic relation is that the forest carbon invernitary year equals the carbon inventdheyear
before, plus net gmath, less harvests, less dgc@hus,when harvests are reduced the inveniocreases. (Hwever
when inventories beaae high relative to the caiing capaciy of the land, the rate of gnwh decreases because net
growth [the rate atvhich gronth exceeds deghdeclines).

% Note also thawvhen a ton bpaper is source reduced oryeled, less thber is harvested tmake new
paper. In general, as themdend for tmber fallswith increased source reduction andying, the price of tnber
alsofalls. Consequent] increased harvestirigr solidwood products (such asiiber or pywood used in
constructionmay result.

* Note that sme anaysts prgect that in the long run, globalmand for forest productsill increasemore
rapidly than global paper recoverates, so that evemith increased paper recoyeforested acreage is likelo
increase in the long run toeet increased deand.

® Some anaysts have suggested thmaore efficientmunicipal waste ombusbrs and increasepbper
combustion rates, aobinedwith more intensive tree planting, could result in reduced Ghiasons [Electric
Power Research InstitutéPaper Regeling: Impact on Electricit-Use, ElectroFechnoloy Opportunities,” Report
RP-322806 (1993), citedn Ganes,LindaL. and Frank Stodol&y, "Energy Implications d Reg/cling Padkaging
Materials" @Argonne, L: Argonne National aboratoy) 1994]. Havever, a coprehensive exaination d the
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Considerirg the mportance of forest carbon sequestration as a process ajfeetitdS GHG
emissions, andjiven the fact that paper products are gdanadgrowing portion of the forest products
market, we recgnized that a thoragh examination of forest carbon sequestration was warranted for this
study. Moreover, the conplexity and lorg time frame of carbon stoge in forests, coupled with the
importance ofmarket dynamics that detemine land use belkér, dictated the use of bestalable
models to galuate the effect of source reduction ang/céng of paper products on forest carbon
sequestration. This chapter describesmethod for appling models to estnate the effect of forest
carbon sequestration associated with paper source reduction avetydéaoreg/cling. We used the
results fron our anaysis of paper rece@ry to estmate the effect of rgcling and source reduction on
forest carbon sequestration.

We woiked with the US Departent of Performance ofthe USDA-FS Forest Models
Agriculture Forest Seice (USDAFS) to use a
system of models of the US forest sector to e#ts Researchers kia never fomally assessed the

the anount of forest carbon sequestration per |accuray of the USDAFSmodels of the forest
incremental ton of newspaper, office paper, andsector.In anayses that cmpare the foresnipacts
corrugated cardboard reduced andyeed. We  |of a poligy scenario to those of a baseline scenatio
used the USDA-S ystem of models because (1)|(such as the analis described in this chapter), th
they are the beshodels aailable inmodeling the |USDA-FSmodel results are probabteasonable.

D

species caposition, irventory, andgrowth of This is becauseuch of the uncertaigtin themodel
forests, and (2) theseodels had been used results is due to assyptions that appi to both the
previously to anayze climate chage mitigation  |baseline and policscenarios — asmptions about
options for theClimate Change Action Plan populationgrowth, econanic growth, treegrowth,

Because thenodels did not allow us to separateland land use chages. Ary error in these

estimate the forest carbon sequestration associggggunptions would tend to bias the results in the
with recovery of each of the thregpes of paper, |baseline and policscenarios in the s@ direction.
we obtained a sgie estimate for the sequestratiofThus, when the outeaes of the baseline and poli¢y
from recovering ary type of paper. scenarios are capared, errors in the assptions
tend to cancel each other out.

In brief, we found a relationship exists
between regcling rates and carbon sequestration,
and that receering one ton of paper results in inarental forest carbon sequestration of Qn€dric tons
of carbon equialent (MTCE)® We corverted this sigle estimate for recwering ary type of paper into
separate estiates for source redugreach of three differenypes of paper. We deloped separate
estmates for source reduction based on the inputs displacsouoce reduction — either 100 percent
virgin inputs, or amix of virgin and regcled inputs (thisnix is different for eachyfpe of paper).

If one assmes that source reduction displaces 100 pengegih inputs in papemanufacture,
forest carbon effects would be thergaas for regcling, i.e., sequestration of 0.73 MTCE per tdn.
source reduction displaces tmex of virgin and regcled inputs currenylused inrmanufacturiry, the
benefits would be spewhat reduced—source reduction of one ton of newspaper, office paper, or
corrugated cardboard results in forest carbon sequestration of, reshe@i48, 0.56, and 0.44 MTCE.

interactions beteen conbustion and forestythamics was bgond the scope of this report. Likise the use of
recovered papdor nonpaper uses, such a®lded pulp products and insulatiomas not angized.

® Although arelationship exists, it is ot directly measuable. Moreover, for the relationship toremain valid,

theremust be continued invesent in tree planting and grth. We believe this continued invegntwill occur,
because projectiond torest product use consistgngloint to increases in d&and.
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Exhibit 3-1
USFS Models of the Forest Sector

Forest
Inventory
Macro Data
Economic
Data
AREA
MODELS
(forest acreage)
Q A4
Timberland i forest inventory,
P i area i forest growth
1 NAPAP p Prices parameters
(pulp and paper)
v y
Inventory
TAMM Growth ATLAS
2 (timber harvests) (forest growth) 3
Removals
Acres, inventory
growth, removals
FORCARB
(forest carbon)
Carbon |
accounting All harvest
A 4
HARVCARB
(harvested carbon)

Denotes 'hand' linkages between models/modelers requiring manipulation of data.

The remainder of this chapter is divided into seven parts. Section 3.1 provides an overview of the
linkages between the five models used in the analysis. Sections 3.2 through 3.5 describe the five models
in greater detail, and briefly discuss the inputs, assumptions, and outputs for each model. Section 3.6
presents the results of the analysis, and Section 3.7 discusses the limitations of individual models, and of

the analysis as a whole.
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3.1 MODELING FRAMEWORK

Working with USDA-FS, we used ¥ie linkedmodels of the forest sector to esdite the mpacts
of increased rea@ry and source reduction of paper products on forest carbon sequestréiofirst
model prgects the decline in US pulpwood tests when paper regery increases. The second and
third models use the outputs of the firsbdel, t@ether with other inputs and asgptions, to esthate
the extent to which reduced pulpwoodVests due to paper regay result in lower US thber havests
and increasedrtiber irventories? The fourth and fifthmodels use the outputs of the second and third
models, and estiate how the increasedhrtber inventories and decreasethtier havests due to paper
recovery translate into (1) increased forest carbon sequestration and (gesharcarbon sequestration
in wood-in-use carbon sks (eg., wood used in hoe construction). Exhibit 3.1 shows how thedels
are lirked.

Our overall anaysis proceeded as follows:

1) We developed two future rea@ry scenarios — a pyected baseline paper reeuy rate for the
year 2000 of 50 percent, and ypbtheticalyear 2000 paper reeery rate of 55 percent — as inputs
to the North Anerican Pulp and Paper (NAPARpdel (themodel is described in Section 3.2). A
50 percent reoeery rate was used for the baseline scenario because the paperyipdystts a

50 percent reoeery rate ly theyear 2000 in the absence of furtigeverrment policies to pnmote
regycling. We used a 55 percent reeoy rate for the fgh recarery scenario because (1) we
considered this to be a plausible resy rate with additionajoverrment pr@rams to pranote
regycling, and (2) this reogery rate corresponds to ERAyoal of increasig recovery of MSW in

the orginal (1993) Clmate Chage Action Plan. We assted that EPA policies to pnaote source
reduction and recling would end in 2000, and thaver the next 1years, the reary rates

under both scenarios would continue to rise and wouldexga in theyear 2016 at 57 percent.
(We assmed corvergence so that we could isolate theddaam carbon sequestration effects that
might result fran increasiig paper receetry in the near ten.) The paper reaety rates for both
scenarios were then pexted to rise slowlfrom 57 percent in 2016 to 61 percent in 2040. This
adusiment to themodel incorporated our agsption that the current trend of increagimaper
recovery rates would continue into the future.

The NAPAPmodel was then run tmodel the pulpwood haests fran 1985 to 2040 that would be
associated with (1) the baseline paper vegorate and (2) the g paper receery rate.

2) The outputs fnm NAPAP for prgected pulpwood haests in the two scenarios were used as
inputs to the Tmber Assessent Maket Model (TAMM), which prgects US tinber havests, and
the Aggregate Timberland Assessent S/stan (ATLAS) model, which prgects tmbergrowth and
charges in the US forest irentoly (where irventoly is a function of botlgrowth and harests).
The TAMM and ATLASmodels are describedore fully in Section 3.3. The TAMM and ATLAS
models were run, usgthe NAPAP inputs, tgenerate estiates of US haest levels and forest
inventories for eacliear throgh 2040, for both the baseline andthrecwery scenarios.

" The Forest Serviceodels and data baseere last copletely revised in 1987, and updated in 1998e
Forest Service expects to publish anptete revision in Deaaber 1998.

8 The USDA-FS projections bforest product deand accountor continued high deandfor all types of
forest prodcts.
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3) The outputs fnm TAMM and ATLAS for forest harest levels and forest wentories in the two
scenarios were used as inputs to the Forest Carbon (FORGARR), described in Section 3.4,
which prgects forest carbon sequestration. The FORCA#®EBel produced, as outputs, esiies
of US forest carbon sequestration for egear throgh 2040, for both the baseline andthi
recovery scenarios.

4) FORCARB outputs were also used as inputs to the HARVCARB/@stad Carbormnodel,
which trads the flow of carbon in wood products (see Section 3.5).

3.2 THE NORTH AMERICAN PULP AND PAPER (NAPAP) MODEL

The NAPAPmodel is a linear optiizationmodel; which uses forecasts of the US ecogdeg.,
growth in population and in the ecanyg) to estmate the quanttof hardwood and softwood trees
hawvested for pulpwood in Northrerica eaclyear® Themodel predicts the quaniof pulpwood
hawvested eacliear based on estated denand and supplcuives; the quantithavested is the quantity
at which these cwes intersect.

Inputs to the NAPAP Model
Major inputs to the NAPAodel are:

. macroeconmic forecast data (g., estmates of US populatiogrowth, andgrowth in per-
capitagross danestic product),

. papemanufacturiig capaciy as of a baselingear;*
. manufacturirg costs for each different pap@anufacturig process, and
. assumed levels of future harests fran public forests.

° A linear optimizationmodel beginsvith a set of constraints (e.g., profits = revenues—costs; costs = labor
costs + equiment costs + adinistrative costs + overhead costs) and an objeétivetion (e.g.maximize prdits).
Themodel uses principles afiatrix algebra to find the solution (e.g., the total level of output)éth the olpective
function is optimized (e.g., profits armaximized).

19 A number of anafses have been conducted using results fre NAPAP models.These include: (1)
USDA Forest ServiceRPA Assessment of the Forest and Rangeland Situation in the United States — 1993 Update
USDA Forest Serice Forest Reagce Report No. 27 (Wamngton, DC: USDA Forest Serice) 1994, 75 pp.; (2)
Haynes, Richard W., Darius Midams, and John R. Mills, 199Fhe 1993 RPA Timber Assessment UpdagDA
Forest Service Gener@kchnical Report RM-BR-259 (Fort Collins, CO: RogkMountain Forest and Range
Experiment Statian) 1995, 66 pp.; (3)nce, Peter J., 199%yhat Won't Get Harvestetlvhere andWhen: The Effects
of Increased Paper Recycling on Timber Hary¥sile Stool of Foresty and Environmental Sudies Prgram on
Solid Waste Polig, Working Paper #3 (Ne Haven, O': Yale Universiy) 75 pp.; and (4) Enviranental Defense
Furd, Paper Task Force Recommendations for Purchasing and Using Environmentally Preferable Paper: Final
Report of the Paper Task For@&ew York, NY: Environmental Defense Fund) 1995, 245 pp.

" The baselingear for papemanufacturing capagitis 1986 Themodel predicts ha capaciy for each
papemanuacturing process changes egelrfrom 1986 onvard. Themodels predictiongor papemanuacturing
capaciy in 1995, based on the 1986 baseline as updatréwithin five percent bactual 1995 paper
manufactuing cgacity.
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Equations and Assumptions Used in the NAPAP Model
The NAPAPmodel incorporates equations for the follogrfiunctions and assuptions:

. estmated pulpwood supyplfunctions (reflectig an increasig suppy of pulpwood at
increasiig market prices) for three gions in the US (west, south, and north) and two
regions in Canada,

. estmated suppl functions for four principal cageries of recoered paper — newspapers,
corrugated boxesmixed papers, and thggegate of pulp substitutes andghigrade de-
inking cateories — in each supplegion (the suppt functions reflect an increagjrsupply
of recovered paper at increagimarket prices),

. an unlmited suppy of labor and engy at themarket price in each supplegion,

. a fixed-quantiy suppy function for residues fra manufacture of solid wood products,
such as Imber and pjwood, mostly in the fom of “pulp chips”,

. demand function¥ for all thirteen principal cageries of paper and paperboard products
produced in North Aerica?® (the denand functions reflect increagjienand due to
populationgrowth andgrowth in thegross danestic product, and decreagidemand at
increasiig market prices),

. functions for chages in papemanufacturirg capaciy (including capaciy for bothvirgin
and regcled inputs), assuing that when denand for paper increases, theastnent in
papemanufacturitg capaciy that is needed tmeet denand will bemade in thoseypes of
capaciy where the ratio of profitabijtto capital cost is the ghest, and

. the ratio of the waht of paper receered to the weht of the fiber actuayl used in
manufacturig new paper, after accoungffor discards durig processig and losses during
manufacturirg.

Themajor assmptions of the NAPAHRModel include basic assyptions of econmic anaysis —i.e.,
thatmarkets are perfectlcompetitive and that papenanufacturers sé&eo maximize their profits.
Because owners of pate forestsnay not alwgs act tomaximize their profits, NAPAP assues that
they will continue historical patterns of ecaniz behaior (which USDAFS hasnodeled throgh
econanetric methods)In addition, thenodel assmes (1) particular Mels of havests fran public
forests, and (2) specific future techngyaptions!* Finally, the NAPAP pulpwood suppfunctions are

12 separate deandfunctions are incorporatdédr US danestic denand, Canadian doestic denand, and
demand from various tradng regions for exported paper pragtsfrom the US ad Canada.

13 These paper grades includawvserint, coated and uncoatirée sheet, coated and uncoated growarud,
linerboard, and orrugatingmedium.

* Themodel assmes that certain technologies that existed in 199%vbte notyet canmercialized (e.g.,
two naewsprint processesith higheryields)would enter the anmercialmarketplace in the periddom 19952000.
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the sane for both the baseline and thefhreg/cling scenarioln other words, the suppfunctions do
not incorporatenarket feedbaks to account for ch@es in the ge structure of forests or the aageaf
forested land (thege structure of forests could clggnas increased paper rgety reduces tree haests,
so that on @erage treeggrow longer; forested acrge could chage if higher paper reaeery led to
decreased ameand for pulpwood and lower pulpwood prices, legdiome landowners to caert
forested land to fanland or ranchlandy.

For this anajsis, the USDAFS smulated different reogery rates for the two scenarios—for the
year 2000, 50 percent in the baseline scenario, and 55 percent ighthhedavery scenario. The
cumulative anounts of paper resered under the baseline andthrecarery scenarios are shown in
Exhibit 3-2.

NAPAP scenarios argeneraly specified in tams of recoered fiber utilzation rates, which differ
samewhat fran paper receery rates. To assure that thedel inputs for fiber utikation were consistent
with paper production, regery, and consmption prgections preparedytthe American Forest and
Paper Association (AFPA), Friglin Associates, Ltd. (FAL) desloped a set of caersion factors.
USDA-FS used these ceearsion factors to gdst the denand functions for paper products; the effect
was to increase the pextions of paper ageand and increase the esaites of the equilibrimn quantiy of
paper producetf.

Trade in forest products between the US and Canada waseskBube fixed at \eels prgected
in recent USDAFS studies. As a result,yanharge in North Anerican pulpwood haests due to
increased US paper ra@y would be shown in the NAPAP outputs as a gean US pulpwood
hawests. Thus, the forest carbon effects of increased papeengaothe US werenodeled as if those
effects occur entirglin the US.

Outputs of the NAPAP Model

The principal outputs of the NAPAfModel, for each of the two scenarimsdeled, are annual US
pulpwood havests fran the present to thgear 2040. These haests are biken down into four
categories of pulpwood: (1) softwood roundwood, (2) softwood residues, (3) hardwood roundwood, and
(4) hardwood residues. The NAPAP gesttes of pulpwood haests for each scenario — for selegtedrs
from 1995 to 2040 — are shown in ExhibiB3As the exhibit shows, the NAPARodel prgected that
higher paper reaeery rates until thgyear 2016 would result in pulpwood kasts that would be

15 The NAPAP pulpwood sipply functions incorporate projectias d timber nventories aver time from a
prior run of the linkedl AMM and ATLAS models. Ideall, the NAPAP portion of this angsiswould have used
two separate projecins d timber nventories a/er time: ane projectim based o the basehe paper receery
scenario, and another based on the high paper rgcasemario. MPAP has recentlbeen revised so thatritay
now be run iterativel with TAMM and ATLAS; hovever, NAPAP did not have that capabyfiat the tine this
analsiswas conducted.

16 Specificaly, the USDA-FS adjusted the APAP model by increasing the elastigibf demand for paper
products so that it fiected the historical relationship beten (1) paper aeand and (2) population and per capita
gross danestic product’Elasticity of demand" is the extent tahich a change in the price of a gowill affect the
guantity of the good demanded, and is dimed as the percentage change in quadiitided ty the percentage change
in price that induced the change in quantitor exanple, if the quantit demanded goes dwn by 2 percentvhen the
price goes upyone percent, the elastigiof demand is -2. (Specificall this is the'own-price elasticit" of
demand — because it imeasuredvith respect to the price of the good in question, as distinet'foooss-elasticit' of
demand —whichwould bemeasuredvith respect to the price @ diferent good.)
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Exhibit 3-2
Cumulative Paper Recovery
Under the Baseline and High Recovery Scenarios
(Million Short Tons)

Year 2000 2010 2020 2030 2040
A. Baseline Scenario 536 1143 1893 2795 3808
B. High Recovery Scenario 556 1189 1975 2876 3890

C. Incremental Paper
Recovery Under the High
Recovery Scenario (B-A) 20 46 81 81 81

Cumulative Paper Recovery

4500 Under the Baseline and High Recovery Scenarios

4,000

EBaseline Scenario

B High Recovery Scenario

3,000

2,500

2,000

1,500
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Exhibit 3-3
U.S. Pulpwood Harvests as Predicted by the NAPAP Model
for Selected Years (Million Cubic Feet)

Year 1995 2000 2010 2020 2030 2040
Baseline Scenario 7,152 7,230 7,328 7,808 7,989 8,173
High Paper Recovery
Scenario 6,982 6,858 7,362 7,808 7,989 8,173
U.S. Pulpwood Harvests as Predicted by the NAPAP Model
9,000
8,500
8,000
g
3
S8 7500
s

7,000

—&— Baseline Scenario
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6,000
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substantially below the baseline from 1995 to 2000 (because of the recovered paper substitutes for pulp that would
otherwise be made from trees). From 2005 to 2010, the higher recovery scenario would result

in slightly higher pulpwood harvests than under the basElmeg from 2020 onward, annual pulpwood

harvests would be the same under the baseline and high recovery scenarios (because after 2016 the paper
recovery rates would be the same in both scenarios).

3.3 THE TIMBER ASSESSMENT MARKET MODEL (TAMM) AND THE AGGREGATE
TIMBERLAND ASSESSMENT SYSTEM (ATLAS)

TAMM and ATLAS are spatial equilibrium modef$STAMM models US timber harvests through
2040, and ATLAS models changes in US forest growth, and inventory of growing stock volume, through
2040 The two models are interrelated, because timber harvests depend in part on timber inventory, and
timber inventory depends in part on prior harvest levels. (This interrelationship is shown graphically in
Exhibit 3-1 with arrows going in both directions between the two models.) To obtain consistency in the
projections of the two models, an iterative process is used. TAMM outputs for timber removals are used
as inputs to ATLAS, and the resulting ATLAS outputs for forest growth and inventory are used as inputs
to TAMM. This cycle is continued until the difference in projections between one cycle and the next has
been reduced to an acceptably small amount. Note that, to reduce the costs of modeling in this analysis,
no hand linkages were made to transfer price estimates from TAMM back to the Area Models (see
Exhibit 3-1), nor to transfer timberland area estimates from the Area Models back to ATLAS. Implicitly,
the forested area was modeled as being unaffected by increased paper recovery rates.

TAMM's estimates of timber harvests are based on four factors: (1) estimated demand for solid
forest products (such as softwood and hardwood lumber and panel products such as plywood) based on
projected macroeconomic data (e.g., growth in population and in the economy), (2) estimates of

" pulpwood harvests are projected to be higher between 2005 and 2010 under the high recycling scenario
These harvests are expected to be higher due to the modeled consequences of reduced pulpwood harvests before
2005. Because pulpwood harvests before 2005 are projected to be lower under the high recycling scenario, more
pulpwood remains to be harvested in later years. The increasing supply of pulpwood ready for harvest reduces
pulpwood prices, leading to modeled increases in industry demand for non-paper uses. The increased industry
demand results in slightly higher pulpwood harvests after 2005. However, it is important to note that under the
baseline scenario, pulpwood harvests are projected to decline between 2000 and 2005. This is because the increase
in paper recycling during this period is projected to be greater than the increase in paper consumption.

18 A spatial equilibrium model is an optimization model (see footnote 9 in this chapter) that accounts for
costs of transportation of products from producing regions to consuming regions.

¥ The descriptions of the TAMM and ATLAS models are drawn from Richard W. Haynes\éeatative
Simulations of Forestry Scenarios Involving Carbon Sequestration Options: Investigation of Impacts on Regional
and National Timber Marketd)S Department of Agriculture Forest Service, Pacific Northwest Station, August 5,
1993. Two articles which give a more detailed description of the TAMM model are (1) Adams, D.M. and R.W.
Haynes,The 1980 Softwood Timber Assessment Market Model: Structure, Projections, and Policy Simulations
Forest Science Monograph No. 22 (Washington, DC: USDA Forest Service) 1980, 62 pp., and (2) Adams, D.M. and
R.W. HaynesA Spatial Equilibrium Model of US Forest Products Markets for Long-Range Projection and Policy
Analysis In Anderssoret al, eds., Systems Analysis in Forestry and Forest Industries, TIMS Studies in the
Management Sciences 21(1986)73-87. Two journal articles which describe analyses based on the TAMM model are
(1) Adams, D.M. and R.W. HayneSoftwood Timber Supply and the Future of the Southern Forest Economy
Southern Journal of Applied Forestty(1991):31-37, and (2) Adams, D.M and R.W. Haynes, 1B88&imating the
Economic Impacts of Preserving Old-Growth on Public Lands in the Pacific Nor{ivisesNorthwest
Environmental Journab(2):439-441.
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pulpwood harvests from the NAPAP model, (3) estimates of fuelwood harvests (held constant at recent
levels), and (4) estimates of annual forest growth from ATLAS.

The ATLAS estimates of forest growth and inventory are based on (1) the previous year's
inventory, (2) timber harvests from TAMM, and (3) estimated forest growth parameters.

Inputs to the TAMM Model
Major inputs to the TAMM model aré:

. US pulpwood harvests, from the NAPAP model,

. US fuelwood harvests, from a fuelwood model,

. assumed levels of future timber harvests from public forests, from USDA-FS harvest plans,
. US net imports of forest products, from a trade model,

. changes in US forested acreage over time, from a prior run of forest area thodels,

. growth in forest inventory, from the ATLAS model,

. macroeconomic forecast data, e.g., on US housing starts, housing repairs, and remodeling,
and
. installed capacity as of 1990 for producing timber products, such as lumber or plywood,

from harvested trees.
Equations and Assumptions Used in the TAMM Model
The TAMM model incorporates equations for the following:

. estimated timber product supply functions (reflecting an increasing supply of timber
products at increasing market prices) for eight regions in the US, and

. estimated demand functions for US demand for all major uses of lumber and plywood
(reflecting decreasing demand for such products at increasing market prices).

Also, changes in supply capacity for timber products are predicted by the model, based on anticipated
changes in relative regional profitability or rate of return from capital investrhent.

2 Inputs to the TAMM model are documented in Haynes, RAW Analysis of the Timber Situation in the
United States: 1989-204Gen. Tech. Rep. RM-199 (Ft. Collins, Colorado: USDA Forest Service, Rocky Mountain
Forest and Range Experiment Station) 1990, 286 pp.

2L Although in the NAPAP portion of this analysis, timber inventories over time were not affected by the
different paper recovery rates in the two different scenarios analyzed, in the TAMM and ATLAS models, timber
inventories were estimated independently for the two different scenarios.

2 gpecifically, TAMM uses an assumption that changes in capital investment are a function of past changes
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The major assumptions of the TAMM model include:

. general assumptions of competitive markets, increasing demand for wood products with
increasing economic activity, profit maximization by owners of lumber and plywood mills,
and continued historical patterns of economic behavior by owners of forest land (these
behavior patterns may not be strictly profit maximizing), and

. specific assumptions regarding particular levels of public harvests, and projected changes in
technology.

In addition, TAMM and ATLAS assume (1) specified levels for net imports of softwood products, and
(2) no net imports of hardwood lumber.

Inputs to the ATLAS Model

Major inputs to the ATLAS model, for each simulation year, are:

. forest inventory at the beginning of the previous period, from a prior ATLAS model run,

. forest removals during the previous period, from the TAMM model,

. changes in forest acreage, from a prior run of a modified version of the Southern Area
Model, and

. state-by-state data on the number of forested acres, and the volume of timber per forested

acre (shown as "Forest Inventory Data" in Exhibit 3-1).
Equations and Assumptions of the ATLAS Model

The ATLAS model incorporates equations that allow the model to simulate shifts in forest
management intensities and consequent changes in yields. Projected shifts in forest management
intensities are based upon (1) the modeled prices of forest products, (2) the costs of various management
practices, and (3) the timber yields associated with each management practice.

The only major assumption in the ATLAS model is that owners of private forests manage their
forests at the level of intensity indicated by recent average forest planting rates. Otherwise, the model is
very simple, relying on a basic mathematical proposition that forest inventory in any period equals forest
inventory in the previous period, plus net growth, minus harvests. Net growth is gross growth less
mortality from fire, storm, insects, and disease.

in output (i.e., that manufacturers' expectations about the profitability of capital investment are based on past changes
in output).

% Assumptions of the TAMM model are documented in the following two reports: (1) Haynes AR.W.,
Analysis of the Timber Situation in the United States: 1989,2840. Tech. Rep. RM-199. (Fort Collins, Colorado:
USDA Forest Service, Rocky Mountain Forest and Range Experiment Station) 1990, 286 pp.; and (2) Haynes, R.W.,
D.M. Adams, and J.R. MillsSThe 1993 RPA Timber Assessment Updaan. Tech. Rep. RM-GTR-259 (Fort
Collins, Colorado: USDA Forest Service, Rocky Mountain Forest and Range Experiment Station) 1995, 66 pp.

46



Outputs of the TAMM/ATLAS Models

The outputs of the lked TAMM and ATLASmodels are prj@ctions, throgh 2040, of US
inventories of foresgrowing stok volumes (i.e., thevolume of treegrowing in forests), annual US
sawtimber havests, and foregfrowth.

We used the TAMM/ATLAS data on foregtowing stod inventories as inputs to FORCARB.
Exhibit 3-4 shows thgrowing stod inventories of paately owned forest lands in the US asjeaied
by the TAMM/ATLAS models. As the exhibit shows, forggbwing stok inventories rage from one to
two billion cubic feet hijher under the lgh recavery scenario than under the baseline scenario for the
entire sinulation period.

3.4 THE FOREST CARBON MODEL (FORCARB)

The Forest Carbon Model (FORCARB) jmots US forest carbon stgea(includirg soil, forest
floor, and understgrcarbon) eaclyear throgh 2040, based on outputstinghe TAMM/ATLAS linked
models?

Inputs to the FORCARB Model

Themajor inputs to the FORCARBodel are the followig:

. forestgrowing stok inventories — # tree species,ge, and rgion — fram the lirked
TAMM/ATLAS models, and

. the percentge carbon cmposition for different species of trees,gaswn in different forest
regions.

Assumptions of theFORCARB Model

The Forest Seice tradks information in TAMM/ATLAS in tems of growing stod volume, i.e.,
themerchantable portion of trees. Tremume is lager thangrowing stodk volume, due to additional
volume in nonmerchantable portions of the tree such as roots and branches. The FOR©ARBIses
the smplifying assunption that treezolume is a constamultiple of growing stodk volume. Carbon in
the treevolume in the US forest industiis then esthated based on the perceggaarbon content of
different species of trees.

When a tree is haested, FORCARB no lger counts the carbonmaining in the non-
merchantable portion of the treede tree roots) followig hawvest.In other words, FORCARB uses the
simplifying modeling assunption that the carbon in the nomerchantable portion of the tree is
immediatey lost fram storae, i.e., comerted to CQ emissions.

%4 The description bthe FOR@RB model here is dman from Birdsey, RichardA., andLinda S. Heath,
Carbon Sequestration Impacts of Alternative Forestry Scenarios — (Radinor, A: US Depannent d Agriculture
Forest Service, Global Change Research Pragrapril 1993, pp. 4751. A number d studies angking forest
issues using the FORMRB and FARVCARB models have been publishedjournal articlesAmong these are three
which also explain the FORXRB and FARVCARB models.These three articles are: (1) Plantingal. and RA.
Birdsey, 1993,"Carbonfluxes resultingrom US private tmberlandmanagenent,” Climatic Change23:3753; (2)
Heah, L.S. axd RA. Birdsey, 1993, "Carbn trends d productive tenperateforests 6 the coteminous United
States,'Water, Air, and Soil Pollutiory0:279293; axd (3) Heal, L.S. axd RA. Birdsey, 1993, "mpacts of
alternative forestmanagenent policies on carbon sequestration on W®érlands,'World Resource Revie#171-
179.
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Exhibit 3-4
Growing Stock Inventories of
Privately Owned Forest Lands in the US
As Projected by the TAMM/ATLAS Models
(Billion Cubic Feet)

Year 1995 2000 2010 2020 2030 2040
Baseline Scenario 478 488 515 532 541 545
High Paper Recovery
Scenario 478 489 517 534 544 548

Growing Stock Inventories of Privately Owned Forest Lands in
the US as Projected by the TAMM/ATLAS Models
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Outputs of the FORCARB Model

The FORCARBmModel produces as outputs estes of total US forest carborventories, and
estmates of sawtnber and pulpwood heests, for eaclgear throgh 2040. The mount of forest carbon
sequestration in givenyear equals the increase in forest carbeemtories durig thatyear.If forest
carbon iventories decrease, there would be mg@ssions, i.e., ngative forest carbon sequestration.

Exhibit 3-5 shows the pjected carbon wentories of US forests, as predictgdthe FORCARB
model, for the baseline andghi paper receery scenarios. The forest carbowvemtories on which these
annual chages were based counted carbon in trees and undefstpr small trees), but not carbon in
the soil and forest floor. These carbon kfowere not included because of thghhievel of uncertainty
in estmating andmodeling their carbon content.

Exhibit 3-6 shows the&hangein US forest carbon urentories, expressed as an annwetage for
decades fnm 2000 to 2040Lnventories increasmore quikly under the Igh regscling scenario than
under the baseline ngding scenario, throgh the decade endir2010. After 2010, the rate of increase in
forest carbon iventories is essentiglthe sane for both scenarios. This is because the papeveeco
rate ismodeled as carerging in 2016 to the sae rate in both scenarios.

3.5 THE HARVESTED CAR BON MODEL (HARVCAR B)

The Hawested Carbon Model (HARVCARB) can be tightiof as a spreadsheabdel that
prgects the disposition of hagsted wood across four different potential fates, foyez0s into the
future?® The spreadsheet would consist ofreates of the percerda of each of fourypes of wood that
will be found in each of four potential fates at-tezar intevals. The four potential fates are (1) products
(a "woodin-use" sik), (2) landfills, (3) conbustion for enagy, and (4) aerobic deamosition. There is
same chage in the fate of a wood producter time: wood products that are in use in theyegehrs are
likely to be landfilled or cmbusted in lateyears. The four differenypes of wood considered in the
model are softwood and hardwood pulpwood, and softwood and hardwoorhisexvil hemodel has
separate fate estates for three ggons of the US — west, south, and north.

We canbined the gerage annual sawtiber and pulpwood heest estinates fran FORCARB,
with the fate esthates in the HARVCARB spreadsheet, to obtaimestes of the mount of carbon from
hawvested wood that would be found in each of the four potential fates f@ab® into the future.

Inputs to the HARVCARB Model

For this anajsis the USDAFS used, as the gninput to the HARVCARBmModel, the annual
sawtmber and pulpwood heests (fran the FORCARBmModel).

% This Forest Servicmodel is an adaptation of theAfRVCARB model developed earlier (C. Rpand R.B.
Phelps , 19907 Tracing the flow of carba through the U.S.drestproducts seair”, Presentatin at thel9th World
Congress, Internatnal Union of Foresty Organizatbns,5-11 August1190, Montreal, Quebec)., and described
morefully in Row and Phelps, 1996 Wood Carba Flows and Storge dter Timber Hawest”, in Forests ad Global
Change. Vol. 2, R. Neil $apson and Wight Hair, edsAmerican Forests, Washington, DC, p24. This
description dthe Forest Servi¢e implementation & themodel is based on R. Birdsey andL.S. Heathpp cit pp.
50-51.
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Exhibit 3-5
US Forest Carbon Inventory, Trees, Understory, Soil, and Forest Floor
As Predicted by the FORCARB Model
(Million Metric Tons of Carbon)

Year 2000 2010 2020 2030 2040
A. Baseline Scenario 8,641 9,076 9,322 9,442 9,497
B. High Paper Recovery Scenario 8,665 9,118 9,364 9,480 9,637
C. Incremental Carbon Stored Under the
High Paper Recovery Scenario (B-A) 24 42 42 38 40
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Exhibit 3-6
Average Annual Change
In US Forest Carbon Inventories
As Predicted by the FORCARB Model
(Million Metric Tons of Carbon)

Decade | Decade | Decade |Decade |Decade

Time Period Ending |[Ending Ending Hnding Ehding
2000 2010 2020 2030 2040
A. Baseline Scenario 45.48 43.47 24.56 11.96 5.52

B. High Paper Recovery
Scenario 47.89 45.25 24.59 11.70 5.74

C. Tncremental Annual
Forest Carbon
Sequestration in the
High Paper Recovery
Scenario [B-A] 2.40 1.79 0.03 -0.26 0.22
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Assumptions of the HARVCARB Model

The HARVCARB model assumes that the disposition patterns for the four types of wood over a
50-year period do not change (e.g., it does not assume any change in the proportion of waste or disposed
wood burned for energy).

Outputs of the HARVCARB Model

In this analysis, HARVCARB provided outputs for the amount of carbon (1) retained in wood-in-
use sinks, (2) landfilled, (3) combusted for energy, and (4) aerobically decomposed, for each year from
1995 to 2040. Because other parts of our analysis address landfills and combustion, and aerobic
decomposition has no GHG effects, we used only the estimates of the amount of carbon retained in
wood-in-use sinks (a form of carbon sequestration). We included this amount in our estimate of total
"forest carbon,"” even though this carbon is stored in locations outside of forests.

Exhibit 3-7 shows the wood-in-use sinks for the baseline and high recovery scenarios from 1990 to
2040, as predicted by the HARVCARB model. As shown in the exhibit, the wood-in-use sinks are
slightly less under the high recovery scenario than under the baseline scenario. The HARVCARB model
predicts this result because under the high recovery scenario, tree harvests are reduced; thus, under the
fixed proportions of the fates of wood assumed in HARVCARB, less wood is available for each of the
fates for wood products, including wood-in-use sinks. As noted above, HARVCARB uses fixed
proportions for the disposition of harvested wood (e.g., paper, housing, and furniture). With increased
paper recovery, wood prices would be expected to decline (due to reduced demand), and more wood
would probably be used for housing and furniture. Because HARVCARB does not account for any
change in the price of wood, and its impacts on wood-in-use sinks, the values in Exhibit 3-7 are probably
a slight underestimate of the amount of carbon in wood-in-use sinks under the high recovery scenario.

3.6 RESULTS

As noted in the introduction to this chapter, we first obtained estimates of the forest carbon
sequestratiafi from recovery of paper, and then used those estimates to develop estimates of the forest
carbon sequestration from source reduction of paper.

We estimated the forest carbon sequestration per ton of paper recovered at various points in the
future by dividing the cumulative difference in forest carbon between the high recovery and baseline
scenarios by the cumulative difference in the amount of paper recovered between the two scenarios. To
estimate the forest carbon sequestration in each scenario, we summed the forest carbon sequestration
estimates generated by the FORCARB model and the wood-in-use sink estimates generated by the
HARVCARB model.

The USDA-FS projected forest carbon inventories under the baseline and high recovery scenarios
at several points in time (i.e., 2000, 2010, 2020, 2030, and 2040). The estimates of incremental forest
carbon sequestration per ton of paper recovered vary across time, as shown in Exhibit 3-8. Note that the
estimates of incremental forest carbon sequestration decline from 2000 to 2020, and then stabilize.

% As noted earlier, the terforest carbon sequestratids intended to include both the carbon stored in
forests and the carbon stored in wood-in-use sinks.
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Exhibit 3-7

US Cumulative (Since 1990) Wood-in-Use Sinks

as Predicted by the HARVCARB Model

(Million Metric Tons of Carbon)

Year 2000 2010| 2020| 2030| 2040
A. Baseline Scenario 733] 1,216] 1,634| 2,028] 2,381
B. High Paper Recovery Scenaf 726 1,208] 1,630| 2,026] 2,379
C. Change in Carbon Storage
in Wood-in-Use Sinks [B-A] -7 -8 -4 -2 -2

Million Metric Tons of Carbon

Change in Carbon Storage in Wood-in-Use Sinks

as Predicted by the HARVCARB Model
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An importantgoal of this anajsis is to deelop "emission factors" or point estiates that enable
policymakers and the public to quantify andrggare the GHGmpacts fran managing specific waste
materials in specific wgs. Orginally, these mission factors were intended to estie prgressmade by
the US inmeetirg its canmitment to reduce GHGnaissions ly theyear 2000. Howeer, in Decenber
1997, the parties to the UN Fnawoik Cornvention on Clinate Chage ayreed to an historic Protocol on
climate chage, the Koto protocol. The protocol establishes a U8§dbtof reducig GHG emissions to a
level 7 percent below 1990ressions @er a Syear period fron 2008 throgh 2012.1f the US ratifies the
Kyoto protocol, thesengissions factorsnay be used to help the USauate prgress inmeetirg the
emission reductions set forth in the protocol. Thession factors deeloped here are also intended to
aid in the galuation ofvoluntaly programs, which, in a the of uncertain but inatable reductions in
emissions, are especiglimportant. Gven the uncertaigitof the analsis, the tinefranes chosen for
developing emission factors are appropriate for thalkeation ofvoluntary programs.

In developing these estnates, we chose the forest carbon sequestration factor for the period
endirg in 2010 as the best approtion of the forest carbon benefitsritoncreasiig source reduction
and regcling by theyear 2000. Thisalue — 0.73 MTCE per short ton of paper remed — falls between
the hghervalue for 2000 and the lowgalues for lateyears in the snulation period. We selected this
value to approxnate the shorterm carbon sequestration benefits of source reduction agdlireg
because it balances the followir(1) relatively high carbon sequestration benefits will be achide by
theyear 2000; (2) actionskan to brirg about increases in source reduction anglalety by theyear
2000 will have lingering effects bgond theyear 2000; (3) forest carbon sequestration benefits drop
samewhat oer time; and (4) there isore uncertaint associated with the lgrterm carbon sequestration
effects andnarket response (becaus®del predictions far into the future ar@re uncertain than near-
term predictions)ln sun, we believe that thevalue for theyear 2010 stkies the best balance in capturing
the relatvely higher shortterm benefits of forest carbon sequestration, andgmrizimg that these
benefits decline er time?” In addition, if the US ratifies theyéto protocol, 2010 fits well with the
proposed tneframe for achi@ing emission reductions.

As noted abee, we did not consider in this apsils carbon sequestration in forest soils or the
forest floor. Research on forest soilsrischmore speculatie than the characteation of the carbon in
trees.It seens more likely than not that soe quantiy of carbon is sequestered in forest soils (and should
be added to the forest carbon sequestration totals), but there are no reliafaleest the actual
amounts.

Using the forest carbon sequestrationmate for paper rea@ry, we dereloped esthates for
forest carbon sequestration associated with source reduction, as shown in EShibié &stinated
source reductiomalues under two assptions: that source reduction displacesyamigin inputs, and
that it displaces the curremix of virgin and regcled inputs?® We estimated that forestarbon
sequestration for source reduction, assig displacenent ofvirgin inputs, is the sae as for paper

%" The impact of increased paper yeting and source reduction on forest\giog stock inventories (3 billion
cubicfeet in addition to the baseline scenaffi®4l cubideet in 2030, as shm in Exhibit 34) is only 0.5 percent.
This anount is less than the likgktatistical eror in measuring the inveaties. Although the esthated effect is a
small proportion @ the total inventar, the relationship beteen regcling and stocks is clear, and tmagnitude of
the effect is plausible and is significant on a per-ton basis.

2 5ource reductiomay conceivaby displace 100 percent virgin inpufsthie quantig of paper recovered
does not changeith source reduction, and all recovered paper is usetke nev paper. In that casd, the
quantiyy of papemanufactured is reduced through source reduction, all of the reduction invirguitscane from
virgin inputs. It ismore likely, however, that source reduction reduces both virgin angtled inputs.
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Exhibit 3-8
Increased Forest Carbon Storage Per Ton of Paper Recovered

Cumulative Change

Between the Baseline

and High Paper Recovery

Scenarios for: 2000| 2010 2020 2030| 2040
A. Forest Carbon Stocks* (million MTCE) 24.0( 41.9( 42.2 39.7( 419
B. Wood-in-Use Stocks (million MTCE) -7.0f -8.0] -4.0/ -2.0f -2.0
C. Incremental Carbon Stored (million MTCE) [A+B] 17.0] 33.9] 38.2| 37.7| 39.9
D. Incremental Paper Recovery (million short tons) 19.7 46.2| 81.4| 814 814
E. Incremental Carbon Sequestration (MTCE/ton) [C/D] 0.9 0.7 0.5 0.5 0.5

*Includes trees and understory.

Increased Forest Carbon Sequestration Per Ton of Paper Recovered

MTCE/ton of paper

2000 2010 2020 2030 2040
Year
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recovery. Although this approach for estating the effects of source reduction does not consider the loss
rates associated with paper reexy, we beliee it is a reasonable first apprmation. To estnate the

forest carbon sequestration for source reductiomasgulisplacenent of the currentnix of inputs, we

used an additional factor, i.e., the percgatafvirgin inputs in the curremnix of inputs. For this

calculation (colmn "d" in Exhibit 39), we account for the fact that displar@t of regcled inputs does

not have ary impact on forest carbon sequestration.

Exhibit 3-9
Forest Carbon Sequestration
Per Ton of Paper Recovered or Source Reduced

(a) (b) (©) (d) (e)
(e=b*d)
Source Source Reduction,
Recycling, Reduction, Assuming
Recovering Assuming Percent Displacement ofOne
One Displacement of Virgin Ton of Paper Made
Incremental | One Ton of Paper| Inputsin from the Current
Ton of Paper | Made from the the Current Mix of Virgin and
Material (MTCE) Virgin Inputs Mix of Recycled Inputs
(MTCE) Inputs (MTCE)
Newspaper 0.73 0.73 65% 0.48
Office Paper 0.73 0.73 76% 0.56
Corrugated 0.73 0.73 60% 0.44
Cardboard

3.7 LIMITATIONS OF THE ANALYSIS

Any anaysis based on a oplex g/stem of models is suject to the Initations introduced yeach
model in the gstem. The Imitations of each aoponentmodel derve from (1) the assmptionsmade in
developing themodel, (2) the input equations used in thedel, and (3) the potentiahpact of factors
not included in thenodel. Because of theseritations, the actual beh@r of markets for paper and
other forest products (and the actual choroade ly owners of prvate forest lands) could differ from
those predictedybthe gstem of forestmodels. We beliee thatmost of these initations would tend to
bias estnates under the baseline andtreg/cling scenarios in the s direction — so that the asaited
differences between the two scenarios should bevelaaccurate. Howeer, sene limitations could
result in unequal bias in the eséites, leadig to biased estates of the differences.

This section first discussesriitations associated with tlgeographic scope of the aryais.
Secondy, we discuss initations that could bias the estites. Lmitations that could bias both scenarios
in the sane direction are listed next. This section concludes with a brief discussion of the uncertainties
introduced iy the choice of atne period @er which increnental forest carbon sequestration is
estmated.
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Limitations of Geographic Scope of Analysis and Results

Although the goal of this analysis is to estimate the impact of paper recycling and source reduction
on US GHG emissions, the actual effects would occur not only in the US but in Canada and other
countries.

* The Forest Service models treat forest product markets in the US and Canada as a single
integrated economic and biological system. But they do not treat Canadian forest inventories
in the same way and degree of detail as US forest inventories. The estimated impacts of
increases in recycling and source reduction were treated as impacts on U.S. forests. Because
much of the economically marginal paper production is from Canadian pulp sources, source
reduction, in particular, would lower demand for Canadian timber. In any case, the effects
would actually be shared by U.S. and Canadian forests.

* More than 20 percent of the paper currently recovered in the two countries is exported. Some
proportion of the increased amounts of recycled paper—probably more than 20 percent—
would undoubtedly be exported. Current exports comprise 43 percent of the world trade in
recovered paper. The major buyers of this paper are developing countries in Asia and Latin
America, with Korea, Taiwan, and Mexico being major destinations. The alternative sources
of fiber for the paper industry in these countries are pulp and fiber from non-forest sources
(agricultural refuse, hemp, bamboo, and rubber and palm oil trees). Very little comes from
forest harvests; however, forests in these countries are not necessarily managed on a
sustainable basis. It is difficult to determine which of these effects would dominate—
displacement of non-forest fiber (with no forest carbon impact) or displacement of
unsustainably managed forest fiber (with a benefit larger than that in US fdfests).

* NAPAP does not account for any effects of lower pulpwood prices (due to higher paper
recycling rates) on net exports of US pulpwood to non-Canadian markets. Lower pulpwood
prices would be expected to result in increased exports, and possibly changes in foreign timber
inventories. Though US pulpwood exports are currently less than one percent of US pulpwood
production, some virgin pulp fiber is now being exported from southern and western ports in
the form of pulp chips. The future potential for pulp chip exports is difficult to estimate.

* The competition to U.S. and Canadian exports of both recovered and newly manufactured
paper is likely to come from two sources. First, all other developed countries are also likely to
intensify recycling and source reduction programs, with additional recovery of paper fiber.
Second, a major developing source of fiber for paper is the establishment of intensive forest
plantations in tropical and southern hemisphere countries, particularly New Zealand,
Australia, Brazil, Chile, and South Africa, and Indonesia. The effect of additional world
sources of paper fiber from developed countries on these forest plantation programs is difficult
to estimate.

29 A comprehensive description of the world paper industry, its fiber sources, and environmental concerns is
in IIED. 1996.Towards a Sustainable Paper Cydieternational Institute for Environment and Development.
London. 258 p. This study, prepared for the World Business Council for Sustainable Development, treats many of
the issues covered in this chapter, but on a global basis.
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Limitations E xpected to Bias the Results

Two limitations in the gstam of forest sectomodels could result in biased esites of the
incremental forest carbon sequestratiomfrmcreased paper rgding. They are as follows:

. Themodeling systam does not account for grwornversion of US forest land to fafand or
rangeland thatight occur in response to lower prices for pulpwood duedlenipaper
regycling rates. The NAPAFPodel did not account for potential clygs in tmber
inventoly in the near ten (due to lower hafests associated withdhier paper receety),
nor potential chages in forest acree in the loer tem (if higher paper reaeery
depresses pulpwood prices egouo induce landowners to ceert forested acrge to
other uses). The TAMM and ATLA®odels lkewise did not allow for logrterm charges
in forested acrege due to increased paper reery. These effects, hower, may be snall.
Corwverting forest land to griculture, or to industrial, comercial, or residential uses is far
more likely to result fran much hgher landvalues for crops or delopment, if the land is
suitable or in a feorable location.

. This anaysis did not consider carbon sequestration in forest soils and forest floors, because
of the hgh level of uncertaint in prgecting charges in carbon stoge. Nonetheless,
projections of carbon stoga in forest soils and floors under the baseline aghl t@g/cling
scenarios, agenerated ythe FORCARBmModel, sggest that increental carbon stoge
under the hgh reg/cling scenario could be ghitly higher than shown here, if stgain
soils and the forest floor were included.

Limitations Not Expected to Bias the Results

We expect that seeral limitations in the gstam of forestmodels would bias — to about thevsa
extent — the esnates of forest carbon sequestration in the baseline ghadu/cling scenarios — and thus
would not result in gnificant bias in the estiate of the difference in forest carbon sequestration
between the two scenarios. Thesatitions are as follows:

. Themacroeconmic forecasts used in threodels (eg., for populatiorgrowth andgrowth in
percapitagross donestic product) are $iply forecasts, anthay turn out to be inaccurate.

. The historical suppland denand functions used in tlreodelsmay charge in the future.
For exanple, (1) denand for newspapersay drop sharpt due to canpetition from
electronic newsnedia, or (2) mproved technolgies or tree diseases not anticipated in the
modelsmay significantly charge the cost of producgtorest products.

. Future havests fran public forest landsnay be different fron those prgected.
The Use ofa Point Estimatefor Forest Carbon Sequestration

As shown in Exhibit 38, estmates of forest carbon sequestration due to increased papemgc
vary over time. As noted abee, in choosig a sirgle point estnate, we selected therie period that best
balances the eopeting criteria of (1) capturig the lorg-term forest carbon sequestration effects, and (2)
limiting the uncertairtinherent in prpectionsmade well into the future. The rg@ of forest carbon
sequestration estiates @er time, and the itations of the angbis discussed abe, indicate that there
is considerable uncertaynin the point esthate selectedn canparison to the estiates of otherypes of
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GHG emissions and sinks developed in other parts of this analysis, the magnitude of forest carbon
sequestration is relatively high; based on these forest carbon sequestration estimates, source reduction
and recycling of paper are found to have substantial net GHG reductions. Because paper products
comprise the largest share of municipal waste generation (and the largest volumes of waste managed
through recycling, landfilling, and combustion), it is important to bear in mind the uncertainty in the
forest carbon sequestration values when evaluating the results of this report.

59



This page intentionally left blank

60



4. SOURCE REDUCTION AND RECYCLING

This chapter presents estimates of GHG emission reductions and carbon sequestration resulting
from source reduction and recycling of ten materials: newspaper, office paper, corrugated boxes, mixed
paper, aluminum cans, steel cans, glass containers, and three types of plastic containers (LDPE, HDPE,
and PET).

To estimate GHG emissions associated with source reduction and recycling (and other MSW
management options), we used a baseline scenario in which the material is manufactured from the current
mix of virgin and recycled inputs, but has not yet been disposed or recycled. Thus, the baseline for each
material already incorporates some emissions from raw materials acquisition and manufacturing using
the current mix of virgin and recycled inpdtslsing this measurement convention, it follows that source
reductiort reduces GHG emissions from the raw material acquisition and manufacturing phase of the life
cycle for all materials. Moreover, source reduction of paper results in forest carbon sequestration (as
discussed in Chapter 3).

Manufacturing from recycled inputs generally requires less energy, and thus lower GHG
emissions, than manufacturing from virgin inputs. Our estimates of the GHG implications of recycling,
which are developed in this chapter, show that recycling reduces GHG emissions for each of the
materials studied.

4.1 GHG IMPLICATIONS OF SOURCE REDUCTION

When a material is source reduced (i.e., less of the material is made), the greenhouse gas
emissions associated with making the material and managing the post-consumer waste are avoided. In
addition, when paper products are source reduced, trees that would otherwise be harvested are left
standing and continue to grow, so that additional carbon is sequestered in forests. The modeled estimates
of forest carbon sequestration benefits are discussed in detail in Chapter 3. The additional carbon
sequestered due to source reduction is counted in the same way as a reduction in GHG emissions.

As discussed above, under the measurement convention used in this analysis, source reduction has
(1) negative raw material and manufacturing GHG emissions (i.e., it avoids baseline emissions
attributable to current production), (2) forest carbon sequestration benefits for paper products (also
treated as negative emissions, as estimated in Chapter 3), and (3) zero waste management GHG
emissions. Exhibit 4-1 presents the GHG implications of source reduction. The values for forest carbon
sequestration were copied from Exhibit 3-8.

! There are no raw materials acquisition and manufacturing emissions attributable to food scraps and yard
trimmings in this analysis.

2 In this analysis, the values reported for source reduction apply to material lightweighting or extension of a
product's useful life. We assume no substitution by another material or product, and thus we assume no offsetting
GHG emissions from another material or product. Thus, the data do not directly indicate GHG effects of source
reduction that involves material substitution. Considerations for estimating the GHG effects of material substitution
are presented in Section 4.3 below.
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Exhibit 4-1
Greenhouse Gas Emissions for Source Reduction
(MTCE/Ton of Material Source Reduced)

Avoided GHG Emissions Change in Forest Carbon Storage
from Raw Materials (Minus sign indicates incremental
Acquistion and Manufacturing carbon storage) Net Emissions|Net Emissions|
For Current For 100% For Current For 100% For Current For 100%

Material Mix of Inputs | Virgin Inputs| Post-Consumer Mix of Inputs Virgin Inputs Mix of Inputs | Virgin Inputs

Newspaper -0.48 -0.55 0.00 -0.43 -0.73 -0.91 -1.28

Office Paper -0.52 -0.56 0.00 -0.50 -0.73 -1.03 -1.29

Corrugated Cardboarg -0.41 -0.38 0.00 -0.38 -0.73 -0.78 -1.11
Mixed Paper

Broad Definition NA NA NA NA NA NA NA

Residential Definitio NA NA NA NA NA NA NA

Office Paper Definiti NA NA NA NA NA NA NA

Aluminum Cans -2.98 -5.39 0.00 0.00 0.00 -2.98 -5.39

Steel Cans -0.84 -1.12 0.00 0.00 0.00 -0.84 -1.12

Glass -0.14 -0.16 0.00 0.00 0.00 -0.14 -0.16

HDPE -0.61 -0.70 0.00 0.00 0.00 -0.61 -0.70

LDPE -0.89 -0.89 0.00 0.00 0.00 -0.89 -0.89

PET -0.98 -1.16 0.00 0.00 0.00 -0.98 -1.16

Food Waste NA NA NA NA NA NA NA

Yard Waste NA NA NA NA NA NA NA

Mixed MSW NA NA NA NA NA NA NA

Note that totals may not add due to rounding and more digits may be displayed than are significant.
NA: Not applicable, or in the case of composting of paper, not analyzed.
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In order to copare source reduction to other solid wasssmajement options, one ecopares the
GHG reductions frm source reduction to the life cycle GH@issions of the other solid waste
management option (ag., landfilling). With this approach, polcmakers can ealuate, on a per ton basis,
the overall difference in GHGraissions between (1) source redgeane ton ofmaterial and (2)
manufacturig and thermanaging (postconsumer) one ton of the sa material. Such amparisons are
made in the execuwte sunmary chapter and in Chapter 8 of this reporte€all, source reduction has
lower GHG enissions than the other wastenagenent options.

4.2 GHG IM PLICATIONS OF RECYCLING

When amaterial is regcled, it is used in place @frgin inputs in themanufacturig process,
rather than beidisposed of anthanayed as wasté.As with source reduction of paper products,
regycling of paper also results in forest carbon sequestration.

Although most of thematerials considered amodeled as bemregy/cled in a "closed loop" (g.,
newspapers are ngaed into new newspapers), two of the specific products considered — office paper and
corrugated boxes — are often y@ted in an "open loop” (i.e., thiere regcled intomore than one
product). Wemodeled office paper as beineg/cled into either office paper or tissue paper, in
proportions of 45 percent and 55 percent, respelgtiCorrwated boxes amnodeled as bemreg/cled
into either corrgated boxes (70 percent) or foldihoxes (30 percent).

In addition, seeral paperytpes are recled under thgeneral headigof “mixed paper.” Mixed
paper is included in this aryals because it is rgcled in lage quantities, and is amportant class of
scrapmaterial inmary regycling programs. However, it is difficult to present a sgie definition ofmixed
paper because eantill using recorered paper defines its own suppthich varies with the ailability
and price of differengrades of paper. Therefore, for the purpose of this report, we identified three
different definitions fomixed paper—broad, office, and residential. Thegosition of each is
presented in Exhibit-2. The broad definition ahixed paper includes @mbst all printirg-writing paper,
folding boxes, andnost paper pa@ging. Mixed paper fra offices includes copand printer paper,
stationay and enelopes, and ecamercial printirg. The ypical mix of papers fron residential curbside
pick-up includes hgh-grade office papemagazines, catalgs, canmercial printirg, folding cartons, and
a gnall amount of old corrgated containers. Mixed paper as chararterly the broad and residential
definitions can be reanufacturedria an open loop into rgcled boxboard. Mixed paper frooffices is
typically used tananufacture caomercial paper towels.

Although ourmodeling approach addressesm@of themost mportant open loops, it does not
fully reflect the prealence and dersity of open loop regcling. For exanple, (1) office paper,
corrugated cardboard, andixed paper are rgcled into avariety of manufactured products, nptst the

% Note thawhen paper isnanufacturedfrom regycled inputs, thermount d paper sludge produced is
greater thamvhen paper isnadefrom virgin inputs. This is because rgcled paper hasore shorfibers,which
must be screened out.) Weade a pretninary estimate of the GHG missions fran paper sludgenanaged in
landfills; our results indicated that net GHfissions (i.e.methane missionsminus carbon sequestrationere
close to zero. Because thmissions arersall and highy uncertain, no quantitative astte is included in this
report.

* These percentagegre provided § FranklinAssociatesl td. inworking papers, October 1995.
® This report also includes estites for‘mixed regclables,” i.e., anixture of the principal papemetal,

and plastianaterials that are rgcled. Mixed regclables are discussed in Chapter 8.
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two products we selected for each, and (2) most of the other materials are also recycled to some degree in
open loops, which are typical outcomes of recycling. Resource limitations prevent an exhaustive analysis
of all the recycling possibilities for each of the materials analyzed.

Exhibit 4-2
SUMMARY OF MIXED PAPER SCENARIOS
(Composition as a percentage of total)

All Paper and Mixed Paper: Mixed Paper:
Paper Grade Paperboard in [Broad Definition (2)| Mixed Paper: Single-Family
MSW (1) Offices (3) Residential (4)
Uncoated groundwood paper 4.9% 4.9% 7.9% 2.2%
Coated free sheet paper 5.0% 12.0% 13.9% 11.5%
Coated groundwood paper 4.3% 11.5% 30.7% 17.7%
Uncoated free sheet paper 14.3% 37.6% 41.69 18.4%
Cotton fiber paper 0.1% 0.4% 1.8% 0.2%
Bleached bristols 1.5% 3.9% 4.1% 2.8%
Newsprint 13.3% 2.9% 2.9%
Virgin corrugated boxes 29.6% 12.2%
Recycled corrugated boxes 6.8% 2.8%
Unbleached kraft folding boxes 1.5% 5.7% 4.1%
Bleached kraft folding boxes 2.8% 5.7% 5.8%
Recycled folding boxes 3.0% 7.9% 8.0%
Bleached bags and sacks 0.4% 1.0% 1.6%
Unbleached bags and sacks 2.1% 5.6% 9.0%
Unbleached wrapping paper 0.1% 0.2%
Converting paper 0.3%
Special industrial paper 1.3%
Other paperboard 2.5%
Paper plates and cups 1.2%
Tissue, towels 3.9%
Set-up boxes 0.3% 0.7% 0.6%
Other paper packaging 0.8%
Totals 100.0% 100.0% 100.0% 100.0%

@)
®)
(4)

(1) All grades of paper and paperboard in MSW.
Excludes newspapers, old corrugated containers, tissue produce, paper plates and cups, converting
industrial papers, nonpackaging paperboard such as album covers and posterboard, and paper label
Includes the high-grade papers (ledger and computer printout) as well as stationery, mail, magazines
manila folders. Could be recovered as “File Stock.”
Represents a typical collection of mixed paper from a single-family curbside program. Includes printin
writing papers, corrugated boxes, folding cartons, and bags and sacks.

Source: Working papers prepared by Franklin Associates. Ltd., October 1997.

and special
5.
and

g_

For both open and closed loops, we assumed that increased recycling does not change overall
demand for products. In other words, we assumed that each incremental ton of recycled inputs would
displace virgin inputs in the manufacturing sector.

When any material is recovered for recycling, some portion of the recovered materials is
unsuitable for use as recycled inputs (these materials are discarded either in the recovery stage or in the
remanufacturing stage). Consequently, less than one ton of material is generally made from one ton of
recovered inputs. These losses may be expressed as "loss rates." Franklin Associates, Ltd. and the Tellus
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Institute provided estimates of loss rates for each material; the averages of these values are shown in
Exhibit 4-3.

The avoided GHG emissions from remanufacture using recycled inputs is thus calculated as the
difference between (1) the GHG emissions from manufacturing a material from 100 percent recycled
inputs, and (2) the GHG emissions from manufacturing an equivalent amount of the material (accounting
for loss rates) from 100 percent virgin inputs.

Exhibit 4-3
Loss Rates For Recovered Materials
(@) (b) (©) (d)
(d=b*c)
Tons of
Percent of Product Made Tons of
Recovered Per Ton of Product Made
Materials Recycled Inputs Per Ton of
Retained in the in the Recovered
Material Recovery Stage [Manufacturing Stage Materials
Newspaper a0 0.85 0.77
Office Paper 88 0.75 0.66
Corrugated Cardboard 92 0.84 0.77
Aluminum Cans 95 0.87 0.83
Steel Cans 98 1.00 0.97
Glass 90 0.98 0.88
HDPE 87 1.00 0.87
LDPE 87 1.00 0.87
PET 87 1.00 0.87

Explanatory notes: The value in column "b" accounts for losses such as recovered newspapers that were
unsuitable for recycling because they were too wet. Column "c" reflects process waste losses at the
manufacturing plant or mill. Column "d" is the product of the values in columns "b" and "c."

Exhibit 4-4 shows the greenhouse gas implications of recycling each material. It sums, for each
material, the differences between manufacture from virgin and recycled inputs for (1) energy-related
greenhouse gas emissions (both in manufacturing processes and transportation), (2) process non-energy-
related greenhouse gas emissions, and (3) forest carbon sequestration. Our method of accounting for loss
rates yields estimates of GHG emissions on the basis of metric tons of carbon equivalent (MTCE) per
short ton of material collected for recycling (rather than emissions per ton of material made with recycled

inputs).

We recognize that some readers may find it more useful to evaluate recycling in terms of tons of
recyclables as marketed rather than tons of materials colldaiextjust the emission factors reported in
Exhibit 4-4 for that purpose, one would scale up the recycled input credits shown in Columns b and d of
that Exhibit by the ratio of manufacturing loss rate to total loss rate (i.e., Exhibit 4-3 Column “c” divided
by Column “d”).
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Another way that recycling projects can be measured is in terms of changes in recycled content of
products. To evaluate the effects of such projects, one could use the following afyorithm

Trecye = Torod'(RCp-RCG)/L, where

Trecye = tons of material recycled, as collected

Torod = tons of the product with recycled content

RG = recycled content (in percent) after implementation of the project
RG = recycled content (in percent) initially

L = loss rate (from Exhibit 4-3, column “d”).

Then, one could use the emission factors in this report directly with the tons of material recycled (as
collected) to estimate GHG emissions.

In order to compare GHG emissions from recycling to those attributable to another solid waste
management option such as landfilling, one compares the total GHG emissions from recycling the
material to the GHG emissions from managing the disposal of the same material under the other option.
The baseline for a given material (which includes GHG emissions from raw materials acquisition and
manufacturing for the current mix of virgin and recycled inputs) for both options is the same. Overall,
because recycling reduces the amount of energy required to manufacture materials (as compared to
manufacture with virgin inputs) and leads to avoided process non-energy GHG emissions, recycling has
lower GHG emissions than all other waste management options except for source reduction.

4.3 SOURCE REDUCTION WITH MATERIAL SUBSTITUTION

As noted above, our analysis of source reduction is based on an assumption that source reduction
is achieved by practices such as lightweighting, double-sided copying, and material reuse. However, it is
also possible to source reduce one type of material by substituting another material. Analyzing the GHG
impacts of this type of source reduction becomes more complicated. Essentially, one would need to
estimate the net GHG impacts of (1) source reduction of the original material, and (2) manufacture of the
substitute material and its disposal fate.

A quantitative analysis of source reduction with material substitution was beyond the scope of
this report because of the large number of materials that could be substituted for the materials analyzed in
this report (including composite materials, e.g., a composite of paper and plastic used in juice boxes), and
the need for application-specific data. However, where both the original material and the substitute
material are addressed in this report, the GHG impacts of source reduction with material substitution may
be estimated.

The estimate would be based on (1) the data provided in this report for the material that is source
reduced, (2) the mass substitution rate for the material that is substituted, and (3) data in this report for
the material substituted. The mass substitution rate is the number of tons of substitute material used per
ton of original material source reduced. Note, however, that in calculating the mass substitution rate, one
should account for any difference in the number of times that a product made from the original material
is used prior to waste management, compared to the number of times a product made from the substitute
material will be used prior to waste management.

® This approach would apply only where the products with recycled content involve the same “recycling
loop” as the ones on which the values in this report are based (e.g., aluminum cans are recycled in a closed loop into
more aluminum cans).
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To estmate the GHGmpacts of source reduction withaterial substitution (per ton afiaterial
source reduced), one should consider the follgnarspecific baseline scenario, incluglimaste
manajement; an alternate scenario, wolving the substitutenaterial and a wast®anaementmethod,
the nunber of tons ofmaterial used in each scenario, gsihemass substitution rate;
the net GHG miissions for the baseline; the GH@pacts of source reduction of the originadterial;
the GHG mpacts ofmanufacturiig the substitutenaterial; and the GHGmpacts of wastenanaement
for the substitutenaterial. Anong other factors, these considerations will allow for engarison of net
GHG amissions fran source reduction witmaterial substitution to the baseline.

4.4 LIMITATIONS OF THE ANALYSIS

Because the data presented in this chapter wesdaed earlier in Chapters 2 and 3, the
limitations discussed in those chapters alsoyajgpihevalues presented here. Four otheitktions are
as follows:

. Theremay be GHG mpacts fran disposal of industrial wastes, particujaplaper slude at
papemills. Because of the egplexity of anayzing these secondrder effects, and the lack
of data, we did not include thein our estinates. We did perfon a screenig anaysis for
paper slude, howerer, based on (1) data on shedyeneration rates and slyel canposition
(i.e., percentge of cellulose, hmicellulose, lgnin, etc. in slude), and (2) professional
judgment on themethanegeneration rates for cellulose, etc. The scregaimal/sis
indicated that net GHGn@ssions (nethane missionsminus carbon sequestration) from
paper slude are probalylon the order of 0.00 MTCE per ton of pap&de fron virgin
inputs to 0.01 MTCE per ton for ngded inputs. Our worst case bounglmssunptions
indicatedmaximum possible net GHGraissions raging from 0.03 to 0.11 MTCE per ton
of paper (dependgon the ype of paper and whetheirgin or regcled inputs are used).

. The regcling results are reported in tes of GHG enissions per ton ahaterial collected
for reg/cling. Thus, the mission factors incorporate assptions on loss omaterial
through collection, sortig, and renanufacturig. There is uncertaigtin the loss rates —
same materials recweery facilities andmanufacturilg processemay recover or use regcled
materialsmore or less efficienyl than estnated here.

. Themodels used towaluate forest carbon sequestration and those usedltcate enayy
and norenegy emissions differ in theimethods for accountgifor loss rates. Althagh
one can direcyl adust the enission factors reported here for processssions, so that they
appl to tons ofmaterials asnarketed (rather than tons as collected), there is no
straghtforward wa to adust the forest carbon estte.

. We used a siple representation of recling asmostly closed loop. We considered open
loop processes for onthree products, andren there our open loapodel was snplified —
we considered ogltwo products thatight bemade fron each omjinal product.

" ICF Memorandum to EPA Office of Solid Waste, Methane GeneratiomirBaper Sludge, Denwer
1996.
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Exhibit 4-4
Greenhouse Gas Emissions for Recycling
(MTCE/Ton of Material Recovered)

(a) (b) (©) (d) (e) (®
(f=b+c+d+e)
GHG Reductions
Recycled Input [Recycled Input  Recycled Input From Using
Credit*: Credit*: Credit*: Recycled Inputs
Process Transportation  |Process Non- Forest Carbon Instead of
Material Energy Energy Energy Sequestration Virgin Inputs

Newspaper -0.14 0.01 0.00 -0.73 -0.86
Office Paper -0.07 -0.01 0.00 -0.73 -0.82
Corrugated Cardboard 0.03 0.00 0.00 -0.73 -0.70
Mixed Paper

Broad Definition 0.09 -0.02 0.00 -0.73 -0.67

Residential Definition 0.09 -0.02 0.00 -0.73 -0.67

Office Paper Definition -0.09 -0.02 0.00 -0.73 -0.84
Aluminum Cans -2.49 -0.07 -1.32 0.00 -3.88
Steel Cans -0.57 -0.01 0.00 0.00 -0.57
Glass -0.04 0.00 -0.04 0.00 -0.08
HDPE -0.30 -0.02 -0.05 0.00 -0.37
LDPE -0.44 -0.01 -0.05 0.00 -0.49
PET -0.58 -0.02 -0.03 0.00 -0.62

Note that totals may not add due to rounding and more digits may be displayed than are significant.

NA: Not applicable, or in the case of composting of paper, not analyzed.

*Material that is recycled after use is then substituted for virgin inputs in the production of new products. This credit
represents the difference in emissions that results from using recycled inputs rather than virgin inputs. It accounts for

loss rates in collection, processing, and remanufacturing. Recycling credit is based on weighted average of closed and open
loop recycling for office paper, corrugated cardboard, and mixed paper. All other estimates are for closed loop recycling.

Explanatory notes for Exhibit 4-4: Columns "b" and "c" show the reduction in process energy GHGs and transportation energy GHGs from
making each material from recycled inputs, rather than virgin inputs. The values in columns "b" and "c" are based offdfdrbe iti energy-
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Explanatory notes continued:related GHG emissions between making one ton of the material from 100% virgin inputs and from 100% recycled
inputs, multiplied by (2) the estimated tons of material manufactured from one ton of material recovered, after accdossngties in the
recovery and remanufacturing stages. We first estimated the values in columns "b" and "c" based on data provided by dtreiakdis, Atd.
(FAL), as shown in Exhibits 2-2 through 2-5. Then we estimated the same values based on data provided by the Tellas lsistituten
Exhibits 2-6 through 2-9. Finally, we averaged the two sets of estimates to obtain the values shown in columns "b" aadHat Tdtot
corrugated cardboard and two of the mixed paper definitions, the process energy GHG emissions are higher when usingutciited in
when using virgin inputs (as shown by positive values in column "b"). This is because the manufacture of corrugated catdioodnehad (the
product of open loop recycling of these types of mixed paper) from virgin inputs uses a high proportion of biomass fuelsiegenos€Q
emissions are not counted as GHG emissions (see the discussion of biogesi€¥ins in Chapter 1). Still, because of forest carbon
sequestration, the net GHG emissions from recycling corrugated cardboard and mixed paper are lower than the net GHGoemiksions f
manufacture of corrugated cardboard from virgin inputs.

For column "d," which presents the process non-energy GHG emissions from recycling, we used (1) data provided by FALeshowing th
difference in process non-energy GHG emissions between making one ton of the material from 100% virgin inputs, and frayclé®% re
inputs (as shown in the second to last column of Exhibits 2-2 and 2-4) multiplied by (2) the estimated amount of matextaliredr(uf tons)
from one ton of material recovered, after accounting for loss rates in the recovery and remanufacturing steps.

Next, in column "e," the exhibit shows the estimated forest carbon sequestration from recycling of paper products, asneStiapted
3. The last column (column "f") sums columns "b" through "e" to show the GHG implications of recycling each material
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5. COMPOSTING

This chapter presents estites ofgreenhousgas (GHG) enissions and carbon sequestration from
compostirg of yard trimmings and food scrags.

Compostirg consists of the aerobic denposition of oganicmaterials.In controlled canposting
operations, @anicmaterials areypically placed in piles that ka sufficientmoisture and aeration for
aerobicmicroorganisms (eg., bacteria) to decopose thamaterials. Aeratiormay be praided by turning
the piles; this pneents the deslopment of lowroxygen conditions in the piles which could lead to
anaerobic deauposition, with its associated noxious odors emehanegeneration. Nitrgenmay be
added to a aopost pile to achie a carbon/nitrgen ratio that is optnal for rapid conpostirg.

As omanicmaterials are aoposted, thg are conerted into a fan of organicmatterknown as
humus. When the aopost is added to soil, the imus decanposes further. At both sias of
decanposition,much of the carbon in the gmal material is released in the farof carbon dioxide.
Because this carbon dioxide is ggmic in orgin, it is not counted asgeenhousgas (as explained in
Section 1.7). Howeer, it is conceiable that copostirg could result in (1jnethane missions from
anaerobic deauposition, or (2) log-term carbon sequestration in thefoof undeconposed carbon
compoundsln addition, with centraded canpostirg there are noiiogenic CQ emissions from
collection and transportation of theganicmaterials to the central ogostirg site, and fran mechanical
turning of the canpost pile? Therefore, we ivestigated the extent to which epostirg might result in
(1) methane missions, (2) carbon sequestration in soils to whichpmst is applied (foyard trimmings,
we considered the inarental carbon sequestrationim@ompostirg, beyond the carbon sequestration
expected whegard trmmings are left in place on thlground) and (3) C@emissions fran transportation
of compostablematerials, and turnonof the cenpost piles.

Our anaysis sggests that cmpostirg, when propest done, does not result methanegeneration,
and results iminimal carbon sequestration fgard trmmings. For centradied conpostirg, slight GHG
emissions result frm transportation ofmaterial to be cmposted ananechanical turnig of the canpost.
Overall, centralized aopostirg of yard trmmings probaby} has no net GHGraissions (neasured as
GHG amissionsminus carbon sequestration)n#larly, badkyard canpostirg of food scraps is estated
to have no net GHGnssions.

5.1 POTENTIAL GREENHOUSE GAS EMISSIONS
Two potential types of GHGnaissions are associated withngeosting — (1)methane from

anaerobic deauposition, and (2) nobiogenic CQ from transportation of aopostablematerials, and
turning of the canpost piles.

! Although paper anthixed MSW can be aopostedwe did not anaize the GHGmplications of
composting then because fatime and resource constraints.

2 CO, emissionsfrom delivery of compost to itsfinal destinatiorwere not counted, because (1jnpwst is a

marketable product and (2) G@missions from transportation of other marketable finishedgoods to casumers
have ot been ounted inother partsof this anaysis.
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Methane. To research the methane issue, we first conducted a literature search for articles on
methane generation from composting. We identified no relevant articles published between 1991 and
early 1995, and thus decided not to continue searching for earlier articles. Because the literature search
was unproductive, we contacted several researchers from universities and the US Department of
Agriculture to discuss the potential for methane generation, based on the nature of carbon flows during
composting. Our methane analysis was based on their expert opinions.

The researchers we contacted stated that well-managed compost operations usually do not
generate methane because they typically maintain an aerobic environment with proper moisture content
to encourage aerobic decomposition of the materials. They also said that even if methane is generated in
anaerobic pockets in the center of the compost pile, the methane is most likely oxidized when it reaches
the oxygen-rich surface of the pile. Several of the researchers commented that anaerobic pockets are most
likely to develop when too much water is added to the compost pile; however, they noted that this
problem rarely occurs because compost piles are much more likely to be watered too little, rather than too
much.

For backyard composting, the compost pile is rarely large enough to permit anaerobic conditions
to develop, even in the center of the pile (i.e., all parts of the pile are close enough to the surface to
remain oxygenated).

We concluded from the available information that methane generation from backyard and
centralized compost piles is negligible.

Carbon Dioxide from Transportation of Materials and Turning of Compost. Next, we estimated
the indirect carbon dioxide emissions associated with collecting and transporting yard trimmings to
centralized compost facilities, and turning the compost piles. We began with estimates developed by
Franklin Associates, Ltd. for the amount of diesel fuel required, for one ton of yard trinfrins,
collect and transport the yard trimmings to a central composting facility (363,000 BTUs), and (2) turn the
compost piles (221,000 BTUSWe converted these estimates to units of metric tons of carbon
equivalent (MTCE) per ton of yard trimmings, based on a carbon coefficient of 0.0208 MTCE per
million BTUs of diesel fuel. This resulted in an estimate of 0.01 MTCE of indiregte@ssions per ton
of material composted in a centralized facility. There are no indirege@@sions from backyard
composting, because there is no significant use of machinery to transport materials or to turn the compost
pile.

5.2 POTENTIAL CARBON SEQUESTRATION

We also evaluated the effect on soil carbon storage of composting yard trimmings and food scraps.
A number of long-term field experiments which directly controlled carbon inputs (through crop removal
and the readdition of specific amounts of organic matter) have generally shown a linear relationship
between carbon inputs and soil carbon levels. This relationship varies depending upon climatic and soil

% Measured on a wet weight basis, as MSW is typically measured.

* Franklin Associates, LtdThe Role of Recycling in Integrated Solid Waste Management to the Year 2000
(Stamford, CT: Keep America Beautiful), September 1994, pp. 1-27, 1-30, and 1-31.
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factors which affect deeaposition rates in a particular location, as well as thgtheaf the expernent?
The relationship also depends on thenaleal form of the carbon inputs. Our approach focuses on the
effect of canpostirg on the persistence of carbon applied to soil.

Yard Trimmings. Foryard trimmings, our anajsis canpared the @mount of lorg-temm soil carbon
storage whenyard trmmings are conposted (and subsequsnépplied to soil) to theraount of soll
carbon storge when the tmmings are left direcyt on theground to decmpose. Because we were
unable to find data allowgus to quantif incremental carbon stoge, we used a boundjranaysis to
estimate the upper and lowenlits of themagnitude of this phenoenon.

During the process of deogosition, oganic materials ypically go throwgh a series of steps
before finaly being corverted to CQ (as well as water and other reaction products). Themethate
compounds that are fared, and the lifethe of these ampounds, cawary widely dependig on the
chamical canposition of the parent egpound; the aailability of oxygen and nutrients; the population of
microorganisms capable of dgading the canpounds; tenperature andnoisture conditions; anchany
other factors. Towaluate the potential of agpostirg to enhance carbon stgs a useful snplification
is toview decanposition as a process consigtof two phases:

. a rapid dgradation phase, lasgrfor a fewmonths to a fewears, where the readily
degradablematerials are corertedmostly to CQ,, and to anuch lesser extent to mic
materials, and

. a slow dgradation phase, lasgnmuch lorger, where the hmaic materials are slowly
degraded to C@

Compostirg is desgned to accelerate the pace of the first phidgromotes rapid deaoposition
of organics, thus reducgtheirvolume. Sane evidence sggests that cmpostirg produces areater
proportion of hunus than thatypically formed whernyard trimmings are left direcyt on theground. The
conditions in the two phases are different — the bera¢rated within ampost piles faors "themophilic”
(heatloving) bacteria, which tend to producgr@ater proportion of stable, Igithain carbon
compounds than do bacteria that pretioate at anbient surface t@peratures. These Igrchain carbon
compounds include gnin and huic materials (hmic acids, fuvic acids, and hmin).

For our anafsis, we assued that in soils where tmmings (i.e.,grass clippigs, leaves, and
branches) are left in place, there is no net motation of carbon in the soil. This asgption is
consistent with the obseation that the quantitof carbon enitted from soils as carbon dioxide eagéar
is typically in equilibrium with the quanti of additional carbon introduced into the soil egebr by
roots, leaf litter, and branch&gVe used this scenario as our baseliggErest which taneasure
incremental carbon stoge attributable to aopostirg.

The increnental storge is a function of three principal factors:

(1) The anount of carbon in eadmaterial grass, leaes, branches),

® Paustian, K., H.P. Collins, and/E.Paul,“Managenent Controls on Soil CarbonSoil Organic Matter in
Temperate Agroecosysteni@RCPress:Boca Raton, FL)1997, pp. 1549.

® Alexander, Martin|ntroduction to Soil Microbiology, Second Editifalabar, Florida: Krieger
Publishing Company) 1991, p. 133.
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(2) The additional proportion of carbon a@rted into hmus when timmings are caposted,
rather than left in place, and

(3) The rate at which huaus is dgraded to CQ@

We obtained point estiates for the first factor fra a series of experments ly Dr. Morton Barla,
which are described later in Chapter 7. As in other parts of thgs@s)ale assumed thatyard trmmings
comprise 50 percergrass clippilgs, 25 percent la@s, and 25 percent branchegweight.” We used
professionajudgment to deelop lower and upper bound esétes for the second and third factors, and
then canbined the esthates in a bound@manaysis.

As an upper bound on the inagrental humus fomation, we assued that canpostirg can result in
conversion of up to 25 percentore of the carbon to Imus than the "baseline" ceersion rate (i.e., if
residues were left on tlggound)® (This upper boundhiplies, for exanple, that if 10 percent of the
carbon is in a relately stable fom following deconposition at anbient tanperatures, then 35 percent of
the carbon would be rela#ly stable after ampostirg.) For a lower bound, we usedialue of 5 percent
as the increental portion of carbon that is ogerted to stable carbonmpounds.

We also deeloped a rage for the haHife of stable carbon eopounds in soil. Radiocarbon
dating of soils has shown that the pohain carbon ampounds in sme soil saples can be hundreds or
thousands ofears olcf. As noted abee, the decarate of indvidual canpounds is hihly site- and
compoundspecific; to account for this hetgeneiy, we used wide bounds — froa halflife of 20 years
to a halflife of 2,000years. We assoed that hmus deconposition is a firsorder decg process (i.e.,
the proportional decrease in concentration is constaatttione).

Combining the two bounds for incneental humus fomation (5 percent and 25 percent) and the
two bounds for haffives (20years and 2,000ears) resulted in four scenarios for the bougdinaysis.
We estimated the incnmental carbon stoge implied by each scenariover a period of 10§ears.

The results of our boundyranay/sis are showgraphicall in Exhibit 51. The upper bound on the
incremental carbon stoge from compostirg is about 0.05 MTCE per ton gérd trimmings (shown in
the top left of thegraph); the lower bound is about 0.001 (shown in the botight of thegraph). With
the rapid decwmposition (20year halflife) assunption, increnental storge is quite sensite to the tne
period aver which carbon stoge is considered values at 2§ears are sixteemties as tgh asvalues at
100years. Under the slow demposition assonption, there is little difference in inarental storge for
all periods up to 10Qears.

" This professiongludgment estinate for the percentagemposition ofyard trimmings (as a national
averageas provided Y FranklinAssociates| td. (FAL) in a telephone conversatianth ICF Incorporated,
November 14, 1995. dseaently, FAL obtaned and provided data sowing awide range d percetage
breakdavns foryardwaste canposition in different states; the percentagemgosition used here igithin that range.

& Memorandum from Michael Cole, Universitof lllinois at Urbana-Chapaign, U.S. ER Office of Solid
Waste, Fehmary 1, 1996.

® Allison, F.E.,Soil Organic Matter and Its Role in Crop ProductitEisevier Scientificublishing Co.)
1973, pp. 158.
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Incremental C Storage

(MTCHE/ton)

Exhibit 5-1. Incremental Carbon Storage:
Composting Yard Trimmings
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Food Scraps. We also estimated the carbon storage from backyard composting of food scraps.
Data were not available on the amount of carbon sequestered in humus when food scraps are composted.
We assumed that backyard composting of food scraps converts all of the carbon in food scraps to CO
and that none of the carbon is sequestered in humus. To the extent that backyard composting of food
scraps may sequester carbon, our results would understate the net carbon sequestration resulting from
composting this material.

5.3 NET GHG EMISSIONS FROM COMPOSTING

Exhibit 5-2 presents the estimated net greenhouse gas emissions from composting. Our analysis
indicated that composting is a process that produces virtually no greenhouse gas emissions, and is not
likely to represent a significant carbon sink. For centralized yard trimmings composting, the
transportation emissions are probably balanced (and could well be exceeded) by additional carbon
storage. Given the large tonnage of yard trimmings composted annually, and the remaining uncertainties
in this analysis, this is an area that would benefit from further study. For backyard food waste
composting, we estimated no net GHG emissions.

Exhibit 5-2
Net Greenhouse Gas Emissions from Composting
(In Metric Tons of Carbon Equivalent Per Short Ton of Material Composted)

Centralized Composting Backyard Composting
Material

Transport Transport

CH, CcOo C seq Net C CH ({0} C seq Net C
Yard 0 0.01 -0.001 |0.009t0 | NA NA NA NA
Trimmings to -0.04
-0.05

Food NA NA NA NA 0 0 0 0
Scraps

5.4 LIMITATIONS OF THE ANALYSIS

The analyses in this chapter are limited by the lack of data on methane generation and carbon
sequestration that result from composting. Because of inadequate data, we relied on a theoretical
approach to estimate the values (and in the case of carbon sequestration from composting of food scraps,
we assumed zero carbon sequestration).

Our analysis did not consider the GHG emissions that might be avoided if compost displaces some

chemical fertilizers (or peat moss, fungicides, pesticides, and other products applied to soil and plants).
The manufacture of chemical fertilizers requires energy, and thus is associated with some level of
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energy-related GHG emissions. We also did not analyze the extent to which compost may reduce the
need for pesticideS.For the most part, compost is applied for its soil amendment properties, rather than
for purposes of fertilization or pest control.

Moreover, we did not consider other environmental benefits of composting, and of using
compost as a soil amendment. For example, adding compost to soil increases the soil's capability to retain
moisture and nutrients. This helps to reduce storm runoff, thus preserving topsoil and reducing siltation
of streams and rivers. In the future, this may allow continued farming in areas that might have more
frequent droughts due to climate change. Adding compost to soil also improves soil tilth and reduces soil
density, i.e., it makes the soil easier to till, allows plant roots to go deeper, increases the likelihood that
new plantings become established, and helps plants to grow larger. Finally, we did not consider the value
of composting in reducing the amount of waste landfilled, and extending the useful lifetime of landfills.

19 For example, the use of compost may eliminate the need for soil fumigation with methyl bromide (an
ozone-depleting substance) to kill plant pests and pathogens.
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6. COMBUSTION

This chapter presents esttes of the net GHGwssions fran combustion of each of the
materials considered in this apsis andmixed MSW. Canbustion of MSW results inngissions of CQ
(because neaylall of the carbon in MSW is ceerted to CQ) and NO. Note that C@from burning
biomass sources (such as paper products/arditrimmings) is not counted as a GHG, because it is
biogenic (as explained in Section 1.7).

Combustion of MSW with en@y recovery in a wastego-enegy (WTE) plant also results in
avoided CQ emissions in two other industrial sectors. First, the elecgrimioduced  a WTE plant
displaces electrigitthat would otherwise be proled by an electric utiliy power plant. Becauseost
utility power plants burn fossil fuels, and thugaiteCO,, the electriciy produced B a WTE plant reduces
utility CO, emissions. These avoided GH@issionsmust be subtracted fnothe GHG enissions
associated with egobustion of MSW. Seconanost MSW caonbusted with engy recovetry in the US is
combusted in WTESs that reeer ferrousmetals (eg., steel) and noeferrousmaterials (gg3., nonferrous
metals andjlass)* The ferrousnetals and nofierrousmaterials that are rewered are then rgcled? As
discussed in Chapter 4, processesgusgycled inputs require less eggrthan processes uginirgin
inputs. Thus, imeasuriy GHG implications of conbustion, onenust also account for the chganin
enegy use due to rgeling associated witimetals recuoely.

WTE facilities can be dided into three cagories: (1)mass burn, (2nodular, or (3) refuse-
derived fuel (RDF). Amass burn facilit generates electrigitand/or stea from the canbustion ofmixed
MSW. In the US, there are appranately 90 mass burn facilities that process appnaiely 24 million
tons of MSW annuafl* Modular WTE plants are silar to mass burn plants, but tleodular units are
generaly smaller plants prefabricated e$ite andmore quikly assenbled where thg are needed. Because
of their smilarity to mass burn facilitiesnodular facilities are treated as part of thass burn cagery for
the purposes of this ayais.

An RDF facility combusts MSW which has undgmevarying degrees of processg from simple
removal of buky and noncmbustible itens tomore canplex processes (shreddiandmaterial recwery),
resulting in a finely divided fuel. ProcesstnMSW into RDFyields amore unifom fuel that has a bher

! We did not consider grrecovey of materialsfrom the MSW strem thatmay occur béore MSW is
delivered to the aobustor. We considered such prior recguter be unrelated to the mbustion operation — unlike
recovey of steelfrom combustor ash, an activithat is an integral parf ¢he operationfomany cambustors.

2 Note thamaterial recover at WTE facilities has increased in receefirs, and this trentay continue as
more facilities installmaterial recover systams. According to the Integrated Waste Servidasociation,
apprximately 775,000 tos d ferrous metal and 135,000 tas d non-ferrous materialwere receered n 1996. Of
the nonferrousmaterial, approxnately 34,000 tons consisted nonferrousmetals.Letter receivedrom Maria
Zannes, Integrated/aste Services Assiation, Washingbn, DC, Augus®5, 1997.

% Integrated Waste Servicéssociation,The 1997-1998WSAWaste-To-Energy Directory of United States
Facilities, Table 1.
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heating valué.In the US, approximately 20 facilities process and combust RDF, 2 facilities combust RDF
using off-site processing, and 8 facilities process RDF for combustion off-site. These 30 facilities process
approximately 9 million tons of MSW annuafly.

We analyzed the net GHG emissions from combustion of mixed MSW, and the following
individual materials at mass burn and RDF facilities:

. newspaper,
. office paper,

. corrugated cardboard,
. mixed paper,

. aluminum cans,

. steel cans,

. glass,

. HDPE plastic,

. LDPE plastic,

. PET plastic,

. food scraps, and

. yard trimmings.

Net emissions consist of (1) emissions of non-biogenig&@ NO minus (2) avoided GHG emissions

from the electric utility sector and from processing with recycled inputs (e.g., steel produced from

recycled inputs requires less energy than steel from virgin inputs). There is some evidence that as
combustor ash ages, it absorbs,@Om the atmosphere; however, we did not count &l§3orbed

because we estimated the quantity absorbed to be less than 0.01 MTCE per ton of MSW cémbusted.
Similarly, the residual waste from processing MSW into RDF is typically landfilled, and there is some
potential for the organic fraction of this residual waste to yield GHG emissions when landfilled;

however, we did not count these emissions because we estimate the quantity emitted to be less than 0.01
MTCE per ton of MSW processed into RDF.

Our results showed that combustion of mixed MSW has small negative net GHG emissions (in
absolute terms). Combustion of paper products, food scraps, and yard trimmings results in negative net
GHG emissions. Processing steel cans at a combustor, followed by recycling the ferrous metal, likewise
results in negative net GHG emissions. Combustion of plastic produces positive net GHG emissions, and

*MSW processing into RDF involves both manual and mechanical separation to remove materials such as
glass and metals which have little or no fuel value.

® Integrated Waste Services Associatibhe 1997-1998 IWSA Waste-To-Energy Directory of United States
Facilities, Table 1.

® Based on data provided by Dr. Jurgen Vehlow of Karlsruhe, Germany's Institut fur Teckifischie,
we estimated that the ash from one ton of MSW would absorb rou@eig MTCE of CQ.

" Based on data provided by Karen Harrington, Principal Planner for the Minnesota Office of
Environmental Assistance, we estimated that landfilling the residual waste would emit roQgBIWJ.CE of CQ
per ton of MSW processed into RDF. Facsimile from Karen Harrington, Minnesota Office of Environmental
Assistance to ICF, October 1997.

80



combustion of alminum cans andjlass results inmeall positve net GHG missions. The reasons for
each of these results are discussed in tmaireler of this chaptét.

6.1 METHODOLOGY

Our general approach was to esdte the (1gross enissions of CQand NO from MSW and
RDF canbustion (includig emissions fran transportation of waste to thembustor, and ash fro the
combustor to a landfill) and (2) Cemissions &oided due to displaced electric utilgeneration and
decreased engy requiranents for production processes wtilig regycled inputs’ To obtain an estiate
of the net GHG miissions fran MSW and RDF cmbustion, we subtracted the GH®iissions aoided
from the direct GHG missions. We egtnated the net GHGnaissions fran waste canbustion per ton of
mixed MSW, and per ton of each selecteaterial in MSW. The mmainder of this section describes how
we developed these estates.

Estimating Direct CO, Emissionsfrom MSW Combustion

The carbon in MSW has two distinctgiris. Sane of the carbon in MSW is dead from
sustainabt hawvested bimass (i.e., carbon in plant and il matter that was corrted fran CO; in the
atmosphere throgh photognthesis). The meaining carbon in MSW is frm non-biomass sources, @,
plastic and gnthetic rubber devied fran petroleum.

We did not count the bgenic CQ emissions fran combustion of bionass, for reasons described
in Section 1.7. On the other hand, we did count 8fissions fran combustion of norbiomass
components of MSW — plastic, textiles, and rubberef@ll, ony a snall portion of the total GO
emissions fran combustion are counted as GH@issions.

Formixed MSW, we used thersplifying assunptions that (1) all carbon in textiles was non-
biomass carbon, i.e., petrochal-based plastic fibers such asysdter (this is a worstase
assumption), and (2) the cagery of "rubber and leather" in EPFAMSW charactezation report’ was
composed ahost entirey of rubber. Based on these asptions, we estnated that there are 0.11 pounds
of nonbiogenic carbon in the plastic, textiles, rubber, and leather contained in one ponmdaf
MSW.' We assmed that 98 percent of this carbon would bevested to CQwhen the waste was
combusted, with the balangwing to the ash. Then, we cegrted the 0.11 pounds of nbiomass
carbon per pound afhixed MSW to units ometric tons of carbon eqealent (MTCE) per ton afixed

8 Note hat Exhibits 6-1, 6-2, and 6-5 show coated paperub not mixed papermixed paper ishown in the
summaty exhibit (Exhibit 6-6). The simmary valuesfor mixed paper are based the proportims d the four paper
types (n&vspaper, fiice paper, corrugated cardboard, and coated paper) thptise the dierent*mixed paper”
definitions.

° A comprehensive evaluatiomould also consider the fate of carbomaéning in canbustor ash.
Depending on its clmaical form, carbormay be aerobicajyl degraded to Canaerobicajl degraded to CH or
remain in a relativet inert fom and be sequestered. Unless the ash carbon is converteq ¢ttt we considered
to be unlikey), the effect on the net GHGnissionswould be vey small.

0 Us Em, Office d Solid Waste and fiergeny ResponseCharacterization of Municipal Solidvaste in
the United States: 1997 Updatday 1998.

™ |CF Incorporated;Work Assignment 239 Task 2: Carbon SequestrationLiandills,” memorandum to
EPA, April 28, 1995, Ehibit 2-A, column "o0."
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MSW combusted. The resulting value for mixed MSW is 0.10 MTCE per ton of mixed MSW
combusted? as shown in Exhibit 6-1.

We estimated that HDPE and LDPE are 84 percent carbon, while PET is 57 percent carbon
(accounting for a moisture content of 2 percent). We assumed that 98 percent of the carbon in the plastic
is converted to C@&during combustion. The values for €@missions, converted to units of MTCE per
ton of plastic combusted, are shown in column "b" of Exhibit 6-1.

Estimating N,O Emissions from Combustion of Waste

Studies compiled by the Intergovernmental Panel on Climate Change (IPCC) show that MSW
combustion results in measurable emissions.@f (itrous oxide), a greenhouse gas with a high global
warming potential (GWPY. The IPCC compiled reported ranges gONemissions, per metric ton of
waste combusted, from six classifications of MSW combustors. We averaged the midpoints of each range
and converted the units to MTCE ofM!per short ton of MSW; the resulting estimate is 0.01 MTCE of
N.O emissions per ton of mixed MSW combusted. Because the IPCC did not rgpaaies for
combustion of individual components of MSW, we used the 0.01 value not only for mixed MSW, but
also as a proxy for all components of MSW, except for aluminum and steéf cans.

Estimating Indirect CO ,; Emissions from Transportation of Waste to the WTE Plant

Next, we estimated the indirect @@missions from the transportation of waste. For the indirect
CO, emissions from transporting waste to the WTE plant, and ash from the WTE plant to a landfill, we
used an estimate for mixed MSW developed by Franklin Associates, Ltd. {PAle)then converted the
FAL estimate from pounds of G@er ton of mixed MSW to MTCE per ton of mixed MSW. This
resulted in an estimate of 0.01 MTCE of ££issions from transporting one ton of mixed MSW, and
the resulting ash. We assumed that transportation of any individual material in MSW would use the same
amount of energy as transportation of mixed MSW.

Estimating Gross Greenhouse Gas Emissions from Combustion
To estimate the gross GHG emissions per ton of waste combusted, we summed the values for

emissions from combustion GQombustion KO, and transportation GOThe gross GHG emissions
estimates, for mixed MSW and for each individual material, are shown in column "e" of Exhibit 6-1.

12 Note that if we had used a best-case assumption for textiles, i.e., assuming they had no petrochemical-
based fibers, the resulting value for mixed MSW would have been 0.09 MTCE per ton of mixed MSW combusted.

13 Intergovernmental Panel on Climate Char@eenhouse Gas Inventory Reference Manual, Volume 3,
(undated) p. 6-33. The GWP of@ is 270 times that of CO

14 This exception was made because at the relatively low combustion temperatures found in MSW
combustors, most of the nitrogen inONemissions is derived from the waste, not from the combustion air. Because
aluminum and steel cans do not contain nitrogen, we concluded that running these metals through an MSW
combustor would not result in,® emissions.

15 Franklin Associates, LtdThe Role of Recycling in Integrated Solid Waste Management to the Year 2000
(Stamford, CT: Keep America Beautiful, Inc.) September 1994, p. |-24.
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Exhibit 6-1

Gross Emissions of Greenhouse Gases From MSW Combustion

(MTCE/Ton)
() (b) (©) (d) (e)
Combustion CO , | Combustion N ,O [ Transportation CO , | (e=b+c +d)
Emissions From Emissions Emissions Gross GHG
Material Non-Biomass Per Per Ton Per Ton Emissions Per
Combusted Ton Combusted Combusted Combusted Tan Combusted
Newspaper 0.00 0.01 0.01 0.02
Office Paper 0.00 0.01 0.01 0.02
Corrugated Cardboard 0.00 0.01 0.01 0.02
Coated paper 0.00 0.01 0.01 0.02
Aluminum Cans 0.00 0.01 0.01 0.02
Steel Cans 0.00 0.01 0.01 0.02
Glass 0.00 0.01 0.01 0.02
HDPE 0.75 0.01 0.01 0.76
LDPE 0.75 0.01 0.01 0.76
PET 0.51 0.01 0.01 0.52
Food Scraps 0.00 0.01 0.01 0.02
Yard Trimmings 0.00 0.01 0.01 0.02
Mixed MSW 0.10 0.01 0.01 0.12

Note that totals may not add due to rounding and more digits may be displayed than are significant.

Note that Exhibits 6-1, 6-2, and 6-5 show coated paper but not mixed paper; mixed paper is shown in the summary exhibit (Exhibit 6-6).

The summary values for mixed paper are based on the proportions of the four paper types (newspaper, office paper, corrugated
cardboard, and coated paper) that comprise the different "mixed paper" definitions.
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Estimating Utility CO , Emissions Avoided

Most WTE plants in the US produce electyciOnly a few produce stea and few cgenerate
electricity and stemn. Thus, in our angkis, we assued that the engy recorered with MSW
combustion would be in the far of electriciyy. Our anasis is shown in Exhibit-@. We used three data
elements to estnate the woided electric utiliy CO, emissions associated with mbustion of waste in a
WTE plant: (1) the engy content ofmixed MSW and of each separate wasggerial considered, (2)
the canbustion gstam efficiengy in corverting enegy in MSW to delvered electricit, and (3) the
electric utility CO, emissions &oided perkilowatt-hour of electriciy delivered ly WTE plants.

Enegy content. For the engy content oimixed MSW, we used galue of 5,000 BTUs per
pound ofmixed MSW canbusted, which is galue canmonly used in the WTE industr'® This estinate
is within the rage ofvalues (4,500 to 6,500 BTUs per pound) reporte&AL,'” and is sightly higher
than the 4,800 BTUs per pouwdiue reported in EPAMSW Fact Bok.'® For the enagy content of
RDF, we used galue of 5,700 BTUs per pound of RDFatusted This estinate is within the rage of
values (4,800 to 6,400 BTUs per pound) reportethe US Depanient of Enegy’s National Renewable
Enegy Laboratoy (NREL)*® For the enagy content of specifimaterials in MSW, we consulted three
sources: (1) EPA MSW Fact Bok (a canpilation of data fran primary sources), (2) a report by
Environment Canad4, and (3) a reportypArgonne National LaboratoriééWe assme that the engy
contents reported in the first two of these sources weradterials withmoisture contentsypically
found for thematerials in MSW (the sourcesiplied this, but did not explicilstate it). The Agonne
study reported eng@y content on a grweight basis.

'8 Telephone conversatiomang representatives of Integrated Waste SeréisssciationAmerican Ref-
Fuel, and ICF Incorporated, October 28, 1997.

M FranklinAssociatesl. td., The Role of Regcling in Integrated Solid Waste Manawgent to the Year
2000 (Stanford, CT: KeepAmerica Beatiful, Inc.) Septenber 1994, p.-IL6.

18 Us Enviromental Protectiodgengy, Office of Solid WastelMSW Fact Book, Version 2.(Washingon,
D.C.: US Ewvironmental Protectim Agency) April 1995.

19 Note that this is a value reportegldn RDF faciliy located in Nevport, Minnesota; the dateere
provided ly the Minnesota Office of EnvironentalAssistance. Faasile from Karen Harrington, Minnesota Office
of Environmental Assistaice to ICF, October 1997.

20 US Depannent d Energy, National Reneable Enery Laboratoy, Data Summary of Municipal Solid
Waste Management Alternatives Volume IV: Appendix B — RDF Techno{8giésgfield, VA: NationalTechnical
Information Sewice, NRE_/TP-431-4988D) October 1992, p.-B.

2 procter ad Redem, Ltd. and ORTECH Intemational, Estimation of the Effects of VarioMunicipal
Waste Management Strategies on Greenhouse Gas Emissions, @ittla, Canada: Enviranent Canada, Solid
Waste Manageent Division, and Natural Resources Canadternative Energ Division), Septeber 1993.

% GainesLinda, and Frank Stodolgk'Mandated Reycling Rates: inpacts on EneggConsumption and
Municipal Solid Waste Volme" (Argonne, L: Argonne National aboratoy) Decanber 1993, pp. 11 and 85.
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Exhibit 6-2
Avoided Utility GHG Emissions from Combustion at Mass Burn and RDF Facilities

(a) (b) (©) (d) (e) ® @) (h)
Emission
Factor for [(@=c*d*f)
Utility- Avoided
Generated | Utility CO, | (h=c*e*f)
Electricity Per Ton Avoided
Energy | Mass Burn RDF (MTCE/ | Combusted | Utility CO ,
Content [Combustion | Combustion Million at Mass Per Ton
Energy Content | (Million System System BTUs of Burn Combusted at
Material (BTUs per BTUs per | Efficiency Efficiency electricity Facilities |RDF Facilities
Combusted pound) ton) (Percent) (Percent) delivered) (MTCE) (MTCE)
Newspaper 7,950 a 15.9 17.8% 16.3% 0.083 0.24 0.22
Office paper 6,800 a,b 13.6 17.8% 16.3% 0.083 0.20 0.18
Corrugated cardboar] 7,043 a 14.1 17.8% 16.3% 0.083 0.21 0.19
Coated paper 5,258 c 10.5 17.8% 16.3% 0.083 0.16 0.14
Aluminum cans -335 d -0.7 17.8% 16.3% 0.083 -0.01 * -0.01 *
Steel cans -210 d -0.4 17.8% 16.3% 0.083 -0.01 * -0.01 *
Glass -235 d -0.5 17.8% 16.3% 0.083 -0.01 * -0.01 *
HDPE 18,687 a 374 17.8% 16.3% 0.083 0.56 0.51
LDPE 18,687 a 374 17.8% 16.3% 0.083 0.56 0.51
PET 9,702 ef 19.4 17.8% 16.3% 0.083 0.29 0.26
Yard trimmings 2,800 g 5.6 17.8% 16.3% 0.083 0.08 0.08
Food scraps 2,370 a 4.7 17.8% 16.3% 0.083 0.07 0.06
Mixed MSW** 5,000 h 10.0 17.8% 16.3% 0.083 0.15 0.14

Note that totals may not add due to rounding and more digits may be displayed than are significant.

* The amount of energy absorbed by one ton of steel, aluminum cans, or glass in an MSW combustor would, if not absorbed, result in less than 0.01 MTCE
of avoided utility CO2.

** Mixed MSW represents the entire waste stream as disposed.

a MSW Fact Book.

b We used the MSW Fact Book's value for mixed paper as a proxy for the value for office paper.

¢ We used Franklin Associates' value for magazines as a proxy for the value for coated paper.

d We developed these estimates based on data on the specific heat of aluminum, steel, and glass and calculated the energy required to raise the temperature of
aluminum, steel, and glass from ambient temperature to the temperature found in a combustor (about 750° Celsius). We obtained the specific heat data from
Incropera, Frank P.and David P. DeWitt, Introduction to Heat Transfer, Second Edition (New York: John Wiley & Sons) 1990, pp. A3-A4.

e Gaines and Stodolsky.

f For PET plastic, we converted the value of 9,900 BTUs/pound dry weight, to 9,702 BTUs/pound wet weight, to account for a moisture content of 2 percent.

g Procter and Redfern, Ltd. and ORTECH International.

h Telephone conversation among IWSA, American Ref-Fuel, and ICF Inc., October 28, 1997.
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Combustion system efficiency. To estimate the combustion system efficiency of mass burn
plants, we used with a net value of 550 kWh generated by mass burn plants per ton of mixed MSW
combusted® To estimate the combustion system efficiency of RDF plants, we evaluated three sources:
(1) data supplied by an RDF processing facility located in Newport, Minnesota, (2) the Integrated Waste
Services Association (IWSA) repditaste-to-Energy Directory: 1997-199%d (3) DOE'’s National
Renewable Energy Laboratory. We used the Newport Processing Facility’s reported net value of 572
kWh generated per ton of RDF for two reasorfirst, this value is within the range of values reported
by the other sources. Second, the Newport Processing Facility provided a complete set of data from
which to evaluate the overall system efficiency of RDF pléhts.

Next, we considered losses in transmission and distribution of electricity. Using a transmission
and distribution loss rate of 5 percéhiye estimated that 523 kWh are delivered per ton of waste
combusted at mass burn facilities, and 544 kWh are delivered per ton of waste input at RDF facilities.

We then used the value for the delivered kWhs per ton of waste combusted to derive the implicit
combustion system efficiency (i.e., the percentage of energy in the waste that is ultimately delivered in
the form of electricity). To determine this efficiency, we first estimated the BTUs of MSW needed to
deliver one kWh of electricity. We divided the BTUs per ton of waste by the delivered kWh per ton of
waste to obtain the BTUs of waste per delivered kWh. The result is 19,200 BTUs per kWh for mass burn,
and 21,000 BTUs per kWh for RDF. Next we divided the physical constant for the energy in one kWh
(3,412 BTUs) by the BTUs of MSW and RDF needed to deliver one kWh, to estimate the total system
efficiency at 17.8 percent for mass burn and 16.3 percent for RDF (Exhibit 6-2, columns “d” afid “e”).

Electric utility carbon emissions avoided. To estimate the avoided utilifilG@ waste
combustion, we used the results in columns "c" and "d," together with a "carbon coefficient" of 0.083
MTCE emitted per million BTUs of utility-generated electricity (delivered), based on the national
average fossil fuel mix used by utilitttas shown in Exhibits 6-3 and 6-4. This approach uses the
average fossil fuel mix as a proxy for the fuels displaced at the margin when utility-generated

% Note that this is the value reported by Integrated Waste Services Association in its comments to the draft
version of this report. This value is within the range of values reported by others in response to the draft version of
this report. Letter received from Maria Zannes, Integrated Waste Services Association, Washington, DC, August 25,
1997.

%4 The net energy value reported accounts for the estimated energy required to process MSW into RDF and
the estimated energy consumed by the RDF combustion facility.

% The data set included estimates on the composition and amount of MSW delivered to the processing
facility, as well as estimates for the heat value of RDF, the amount of energy required to process MSW into RDF,
and the amount of energy used to operate the RDF facility.

% Telephone conversation among representatives of Integrated Waste Services Association, American Ref-
Fuel, and ICF Incorporated, October 28, 1997.

27 Note that the total system efficiency is the efficiency of translating the energy content of the fuel into the
energy content of delivered electricity. The estimated system efficiencies of 17.8 and 16.3 percent reflect losses in
(1) converting energy in the fuel into steam, (2) converting energy in steam into electricity, and (3) delivering
electricity. The losses in delivering electricity are the transmission and distribution losses, estimated at 5 percent.

% Value estimated using data from the Energy Information Administratiomjal Energy Review 1996
(Washington, DC: US Government Printing Office, DOE/EIA-0384(96).) July, 1997.
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Exhibit 6-3
Estimating the Emission Factor for Utility-Generated Electricity

Electric Utility Consumption of Fossil Fuels to Generate Electricity
Coal (Quadrillion BTUs)
Natural Gas (Quadrillion BTUs)
Petroleum (Quadrillion BTUs)
Total (Quadrillion BTUs)
Energy Value of one Quadrillion BTUs
(measured in Kilowatt-hours)
Total (Billion kwh)

Net Generation: Before Transmission and Distribution Losses (Fossil Fuels Only)
Coal (Billion kwWh)

Natural Gas (Billion kwWh)

Petroleum (Billion kwWh)

Total (Billion kwh)

Generation Efficiency (Fossil Fuels Only)
Generation Output (Billion kwWh)
Consumption (Billion kWh)

Efficiency (percent)

Efficiency of Energy Conversion From Fossil Fuels to Delivered Electricity
Transmission and Distribution Losses (TDL) (percent)

Delivered Electricity Efficiency (percent)

Efficiency of Energy Conversion and Delivery for Fossil Fuels (percent)

Estimated Emission Factor for Delivered Electricity

(MTCE/MBTU of Electricity Delivered)

Weighted Average Emission Factor of the US mix of fuels used to generate electricity
(kilograms of Carbon in CO, per million BTU consumed)

Weighted Average Emission Factor (MTCE/million BTU)

Efficiency of Energy Conversion and Delivery (percent)

Emission Factor for Delivered Electricity (MTCE/million BTU)

Value

17.
2.
0.

21.44
2.9E+11

6,279

1,736
263
68
2,067

2,067
6,279
33%

9%
91%
30%

All Fuels
16.80
0.01680

30

0.05607

91
80
73

%

Value

Fossil Fuels Only
25.01
0.02501
30%
0.08349

[Source

DOE, EIA, "Annual Energy Review: 1996," July 1997, Table 8.5.
DOE, EIA, "Annual Energy Review: 1996," July 1997, Table 8.5.
DOE, EIA, "Annual Energy Review: 1996," July 1997, Table 8.5.
The sum of Coal, Natural Gas, and Petroleum.

DOE, EIA, "Form EIA 1605 (1997)," Appendix E.

(21.44 Quad BTUS) x (2.92875x10"* kWh/Quad BTUs) / (10° kwh/Billion KWh)

DOE, EIA, "Annual Energy Review: 1996," July 1997, Table 8.3.
DOE, EIA, "Annual Energy Review: 1996," July 1997, Table 8.3.
DOE, EIA, "Annual Energy Review: 1996," July 1997, Table 8.3.
The sum of Coal, Natural Gas, and Petroleum.

Calculated above.
Calculated above.
Generation Output / Consumption, i.e. 2,067 / 6,279.

DOE, EIA, "Annual Energy Review: 1996," July 1997, "Electricity Notes."
Calculated as 100 percent (Deliverable Electricity) - 9 percent (TDL)
Generation Efficiency x Delivered Electricity Efficiency, i.e., 0.33 x 0.91.

Exhibit 6-4 of this report.

Converting kilograms of carbon (kg C) to metric tons of carbon (MTC).
Calculated above.

Weighted Average Emission Factor (MTCE/million BTU) / Conversion Efficiency.
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Exhibit 6-4
Estimating the Weighted Average Carbon Coefficient of the
US Average Mix of Fuels Used to Generate Electricity
(MTCE/Million BTU)

Percentage
Percentage of Carbon Coefficents**
Net of Generation: (Kg Cin CO, per

Generation* | Generation: [Fossil Fuels Million BTU
Fuel (Billion kwh) [All Fuels (%) (%) Consumed)
Coal 1,736 56.4% 84% 26.63
Natural Gas 263 8.5% 13% 15.17
Petroleum=*** 68 2.2% 3% 21.70
Nuclear 675 21.9% 0
Hydroelectric 329 10.7% 0
Other 7 0.2% 0
Total 3,078 100.0% 100% NA
Weighted Average - All Fuels 16.80
Weighted Average - Fossil Fuels 25.01

Note that totals may not add due to rounding and more digits may be displayed than are significant.

* Source: EIA's Annual Energy Review: 1996, "Table 8.3 Electricity Utility Net Generation of Electricity by Energy Source
for 1996."

** Values include fugitive methane emissions (weighted by the GWP of methane).

*** The carbon coefficient for residual fuel is used as a proxy for petroleum.
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electricity is displaced ¥ electriciy from WTE plantsin other words, we ass that nuclear,
hydropower, and other nefiossil sourcegenerate electrigitat essentiayi fixed ratesmarginal demand
is met by fossil source&’ The actual carbon reductions coulity dependig on which ype of fuel used
to generate electriotis displaced at theargin. The resultig estmates for utiliy carbon enissions
avoided for eaclmaterial are shown in catn "g" and “h” of Exhibit 62.

Approach to Estimating CO, Emissions Avoided Due to Increased Steel Recycling

We next estnated the woided CQ emissions fran increased steel rgcling made possible by
steel recwery from WTE plants for (1)mixed MSW and (2) steel cans. Note that we did not credit
increased reeling of nonferrousmaterials, because of a kaof data on the proportions of those
materials beig recovered. This tends toverestmate net GHG missions fran combustion.

Formixed MSW, we esinated the mount of steel reacered per ton ofixed MSW canbusted,
based on (1) themaount of MSW canbusted in the US, and (2) theaunt of steel recgered, post-
combustion. Ferrousetals are reagered at approxnately 79 WTE facilities in the US and aigat RDF
processig facilities that do nogenerate power esite. These facilities account for approgitely 90
percent of the 3fillion tons of MSW canbusted peyear, and reoeered a total of about 775,000 tons
peryear of ferrousnetals in 1997° By dividing 775,000 tons (total U.S. steel reeq at canbustors)
by 32 million tons (total U.S. MSW ambustion), we estnated that 0.02 tons of steel are nem@d per
ton of mixed MSW canbusted (as a nationalerage).

For steel cans, we first estaited the nationalarage proportion of steel cans entggfWTE
plants that would be regered. As noted alve, approxmately 90 percent of MSW destined for
combustiongoes to facilities with a ferrous reaary systam; at these plants, approsately 98 percent of
the steel cans would be reeved. Wamultiplied these percengas to estnate the waght of steel cans
recovered per ton of steel cansngiousted — bout 0.88 tons per ton.

Finally, to estmate the goided CQ emissions due to increased yeting of steel, wamultiplied
(1) the weght of steel receered ly (2) the aoided CQ emissions per ton of steel recered. Thus, we
estmated aoided CQ emissions of approxnately 0.51 MTCE per ton for steel cans, and 0.01 MTCE
per ton formixed MSW, as shown in caton "d" of Exhibit 65.

6.2 RESULTS

The results of our angdis are shown in Exhibit-6. The results fnm the last colmns of
Exhibits 61, the last two colmns of Exhibit 62, and the last cotan of Exhibit 63 are shown in
columns "b," throgh “e” in Exhibit 6-6. The net GHG missions fran combustion of eacimaterial at
mass burn and RDF facilities are shown in owis “f” and “g,” respectvely. These netalues represent
thegross GHG missions (colmn "b"), minus the &oided GHG enissions (colmns "c," “d,” and “e”).
As stated earlier, these net GHRigsions esthates are expressed fomdoustion in absolute tes;

% Non-fossil sources are expectedrieet baseload engrgequirements because of the financial incentive
for these eneggsources to generate at capadih general, thenarginal cost bproducingmore paver from these
sources isninimal canpared to the capital costs associat@th establishing the facilt

% Integrated Waste Servicéssociation,The 1997-1998WSAWaste-To-Energy Directory Of United
States Facilities.
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Exhibit 6-5
Avoided GHG Emissions Due to
Increased Steel Recovery from MSW at WTE Facilities

(a) (b) (c) (d)*
Tons of Steel Avoided CO , Avoided CO ,
Recovered Per | Emissions Per Emissions Per
Ton of Waste Ton of Steel Ton of Waste
Combusted Recovered Combusted
Material Combusted (tons) (MTCE/ton) (MTCE/ton)
Newspaper NA NA NA
Office paper NA NA NA
Corrugated cardboard NA NA NA
Coated paper NA NA NA
Aluminum cans NA NA NA
Steel cans 0.88 0.57 0.51
Glass NA NA NA
HDPE NA NA NA
LDPE NA NA NA
PET NA NA NA
Yard trimmings NA NA NA
Food scraps NA NA NA
Mixed MSW 0.02 0.57 0.01

Note that totals may not add due to rounding and more digits may be displayed than are significant.
*The value in column "d" is a national average, and is weighted to reflect 98 percent recovery at the
90 percent of facilities that recover ferrous metals.
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Exhibit 6-6
Net GHG Emissions from Combustion at WTE Facilities

(a) (b) (c) (d) (e) ® (9)
(f=b-c-e) (g=b-d-e)
Avoided CO ,
Avoided Utility Emissions Per Net GHG
Gross GHG CO, Per Ton | Avoided Utility Ton Emissions from Net GHG
Emissions Per Combusted at CO, Per Ton Combusted Combustion at |Emissions from
Ton Mass Burn Combusted at Due to Steel Mass Burn Combustion at
Combusted Facilities RDF Facilities Recovery Facilities RDF Facilities
Material Combusted (MTCE/ton) (MTCE/ton) (MTCE/ton) (MTCE/ton) (MTCE/ton) (MTCE/ton)
Newspaper 0.02 0.24 0.22 NA -0.22 -0.20
Office paper 0.02 0.20 0.18 NA -0.19 -0.17
Corrugated cardboard 0.02 0.21 0.19 NA -0.19 -0.17
Coated paper 0.02 0.16 0.14 NA -0.14 -0.13
Mixed paper
Broad Definition 0.02 0.21 0.19 NA -0.19 -0.17
Residential Definition 0.02 0.21 0.19 NA -0.19 -0.17
Office paper Definition 0.02 0.19 0.18 NA -0.18 -0.16
Aluminum cans 0.02 -0.01 -0.01 NA 0.03 0.03
Steel cans 0.02 -0.01 -0.01 0.51 -0.48 -0.48
Glass 0.02 -0.01 -0.01 NA 0.02 0.02
HDPE 0.76 0.56 0.51 NA 0.21 0.26
LDPE 0.76 0.56 0.51 NA 0.21 0.26
PET 0.52 0.29 0.26 NA 0.24 0.26
Yard trimmings 0.02 0.08 0.08 NA -0.07 -0.06
Food scraps 0.02 0.07 0.06 NA -0.05 -0.05
Mixed MSW 0.12 0.15 0.14 0.01 -0.04 -0.03

Note that totals may not add due to rounding and more digits may be displayed than are significant.
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they are not values relative to some other waste management option. They are expressed in terms of short
tons of waste input (i.e., tons of waste prior to processing).

We estimate that combustion of mixed MSW at mass burn and RDF facilities reduces net post-
consumer GHG emissions +0.04 and-0.03 MTCE per ton, respectively. Combustion of paper
products has negative net post-consumer GHG emissions rangingdrbdnto—0.22 MTCE per ton at
mass burn facilities, and frorD.13 to—0.20 MTCE per ton at RDF facilities. Net GHG emissions are
negative because G@missions from burning paper are not counted (because they are biogenic) and
fossil fuel burning by utilities (to generate electricity) is avoided. Combustion of food scraps and yard
trimmings (two other forms of biomass) also have negative net GHG emissions, but of a smaller
magnitude (-0.05 and0.07 MTCE per ton of material, respectively, for mass burn-@m@b and-0.06
MTCE per ton of material, respectively, for RDF).

Combustion of plastics results in substantial net GHG emissions estimated from 0.21 to 0.24
MTCE per ton of material combusted for mass burn facilities, and 0.26 MTCE per ton of material input
to RDF facilities. This is primarily because of the high content of non-biomass carbon in plastics. Also,
when combustion of plastic results in electricity generation, the utility carbon emissions avoided (due to
displaced utility fossil fuel combustion) are much less than the carbon emissions from the combustion of
plastic. This is largely due to the lower system efficiency of WTE plants, compared to electric utility
plants. Recovery of ferrous metals at combustors results in negative net GHG emissions, estimated at
—0.48 MTCE per ton of steel cans, due to the increased steel recycling made possible by ferrous metal
recovery at WTE plants. Combustion of aluminum cans and glass, on the other hand, results in slightly
positive net GHG emissions of 0.03 and 0.02 MTCE per ton of material, due to (1) some nitrous oxide
emissions during the combustion process (which we allocated to all materials), and (2) the energy used in
transporting these materials to the WTE plant.

6.3 LIMITATIONS OF THE ANALYSIS

The reliability of the analysis presented in this chapter is limited by the reliability of the various
data elements used. The most significant limitations are as follows:

. Combustion system efficiency of WTE plants may be improving. A survey of planned
WTE plants shows an expected efficiency improvement of 14 percent over current
plants® If efficiency improves, more utility COwill be displaced per ton of waste
combusted (assuming no change in utility emissions per kWh), and the net GHG
emissions from combustion of MSW will decrease.

. Data for the RDF analysis was provided by the Minnesota Office of Environmental
Assistance, and were obtained from a single RDF processing facility and a separate RDF
combustion facility. Research indicates that each RDF processing and combustion
facility is different. For example, some RDF combustion facilities may generate steam
for sale off-site, which can affect overall system efficiency. In addition, the amount of
energy required to process MSW into RDF and the amount of energy used to operate
RDF combustion facilities can be difficult to quantify and can vary among facilities on a
daily, seasonal, and annual basis. Thus, the values used for the RDF analysis should be
interpreted as approximate values.

31 Berenyi and Gould, op cit, p. 46.
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The reported ranges for.® emissions were broad; in some cases the high end of the
range was 10 times the low end of the range. Research has indicategDtlesilsisions
vary with the type of waste burned. Thus, the average value used for mixed MSW and
for all MSW components should be interpreted as an approximate value.

For mixed MSW, we assumed that all carbon in textiles is from synthetic fibers derived
from petrochemicals (whereas, in fact, some textiles are made from cotton, wool, and
other natural fibers). Because we assumed that all carbon in textiles is non-biogenic, we
counted all of the C@Qemissions from combustion of textiles as GHG emissions. This
assumption will slightly overstate the net GHG emissions from combustion of mixed
MSW, but the magnitude of the error is small because textiles represent only a small
fraction of the MSW stream. Similarly, the MSW category of "rubber and leather"
contains some biogenic carbon from leather. By not considering this small amount of
biogenic carbon, the analysis slightly overstates the GHG emissions from MSW
combustion.

Because the makeup of a given community's mixed MSW may vary from the national
average, the energy content may also vary from the national average energy content that
we used in this analysis. For example, MSW from communities with a higher or lower
than average recycling rate may have a different energy content, and MSW with more
than the average proportion of dry leaves and branches will have a higher energy content.

In our analysis, we used the national average recovery rate for steel. Where waste is sent
to a WTE planwith steel recovery, the net GHG emissions for steel cans will be slightly
lower (i.e., more negative). Where waste is sent to a WTE pitlmutsteel recovery,

the net GHG emissions for steel cans will be the same as for aluminum cans (i.e., close
to zero). We did not credit increased recycling of non-ferrous materials, because of a

lack of information on the proportions of those materials. This tends to overstate net

GHG emissions from combustion.

We used in this analysis the national average fossil fuel mix for electricity as the proxy
for fuel displaced at the margin when WTE plants displace utility electricity. If some
other fuel or mix of fuels is displaced at the margin (e.g., coal), the avoided utility CO
would be different (e.g., for coal, the avoided utility G@uld be about 0.01 MTCE per
ton higher for mixed MSW, and the net GHG emissions wouleD@s MTCE instead

of -0.04 MTCE per ton).
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7. LANDFILLING

This chapter presents estimates of GHG emissions and carbon sequestration from landfilling of
each of the materials considered in this analysis and for mixed MSW. For this study, we estimated the
methane emissions, transportation-related carbon dioxide emissions, and carbon sequestration that will
result from landfilling each type of organic waste, and from landfilling mixed MSW.

*  When food scraps, yard trimmings, and paper are landfilled, anaerobic bacteria degrade the
materials, producing methane and carbon dioxide. The carbon dioxide is not counted as a GHG
because it is biogenic, as explained in Section 1.7. Because metals do not contain carbon, they do
not generate methane when landfilled. Plastics do not biodegrade, and therefore do not generate
any methane.

*  Transportation of waste materials to a landfill results in anthropogenic carbon dioxide emissions,
due to the combustion of fossil fuels in the vehicles used to haul the wastes.

*  Because food scraps, yard trimmings, and paper are not completely decomposed by anaerobic
bacteria, some of the carbon in these materials is sequestered in the landfill. However, carbon in
plastic that remains in the landfill is not counted as sequestered carbon (as explained in Section
1.5).

We developed separate estimates of emissions for landfills without gas recovery systems, for
landfills that flare methane, for landfills that combust methane for energy recovery, and for the national
average mix of these three categories. Our national average emission estimate accounts for the extent to
which methane will be flared at some landfills, and will be combusted for energy recovery at others. In
both cases, our projected future landfill gas (LFG) recovery rates anticipate a significant increase in the
use of LFG recovery systems due to a recent EPA rule that requires gas recovery at large MSW landfills.

From the standpoint of post-consumer GHG emissions, landfilling some materials, including
branches, newspaper, and leaves, results in net sequestration (i.e., carbon storage exceeds methane plus
transportation energy emissions) at all landfills, regardless of whether gas recovery is present. At the
other extreme, food scraps and office paper have net emissions even for landfills with gas recovery and
electricity generation. The remaining materials have net post-consumer emissions that are either very low
(aluminum cans, steel cans, and plastics have transportation-related emissions of 0.01 MTCE per ton,
regardless of whether gas collection is present) or that are borderline, depending on whether the landfill
has gas recovery (e.g., mixed MSW has net emissions at landfills without gas recovery, but net carbon
storage at landfills with gas recovery).

! The rule requires a well-designed and well-operated landfill gas collection system at landfills that (1) have
a design capacity of at least 2.5 million metric tons, or 2.5 million cubic meters, (2) are calculated to emit more than
50 metric tons of nonmethane organic compounds per year, and (3) receive waste on or after November 11, 1987.
(Federal Register, Vol. 61, No. 49, p. 9905, March 12, 1996). It is anticipated that by 2000, some 54 percent of
landfill methane will be generated at landfills with landfill gas recovery systems subject to these requirements or
installed on a voluntary basis.
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7.1 EXPERIMENTAL VALUES FOR METHANE GENERATION AND CARBON
SEQUESTRATION

To estimate methane emissions and carbon sequestration from landfilling of specific materials,
we used data from laboratory experiments conducted by Dr. Morton Baitezexperiments provided
data on (1) the amount of methane generated by each type of organic material, when digested by bacteria
in anaerobic conditions simulating those in a landfill, and (2) the amount of carbon remaining,
undecomposed (i.e., sequestered) at the end of the experiment.

Experimental Design

Dr. Barlaz placed each type of organic waste and mixed MSW in separate reactor vessels, in
which he maintained anaerobic conditions similar to those in a landfill, but controlled to favor maximum
methane generation. Dr. Barlaz measured the amount of methane generated in each reactor, and the
amount of undecomposed carbon remaining in each reactor at the end of the experiment. Each material
was tested in four reactors, and the results from each were avéraged.

At the start of the experiment, Dr. Barlaz dried a sample of each material, and analyzed the
amount of cellulose, hemicellulose, and lignin (and, for food scraps, protein) in each material. Cellulose,
hemicellulose, and protein partly decompose in a landfill, resulting in methane generation; lignin is
relatively stable and non-decomposable under anaerobic conditions.

Portions of each material were weighed, placed in two-liter plastic containers (i.e., reactors), and
allowed to decompose anaerobically under warm, moist conditions designed to accelerate decomposition.
The reactors were seeded with a small amount of well-decomposed refuse containing an active
population of methane-producing microorganisms (the "seed"), to ensure that methane generation was
not limited due to an insufficient population of microorganisms. To promote degradation, water was
cycled through each reactor. Nitrogen and phosphorus were then added so that methane generation would
not be limited by a lack of these nutrients.

The reactors were allowed to run for periods varying from three months to two years. The
experiment ended for each reactor when one of two conditions were met: (1) no measurable methane was
being emitted (i.e., any methane that was being emitted was below the detection limits of the analytical
equipment), or (2) a curve generated mathematically from an analysis of the reactor's prior methane
generation indicated that the reactor had produced at least 95 percent of the methane that it would
produce if allowed to run indefinitely.

Dr. Barlaz measured the amount of methane generated during the experimental period, and
subtracted the amount of methane attributable to the seed in order to obtain the amount of methane
generated by the material being tested. At the end of the experiment, he opened the reactors, drained the
leachate, dried and weighed the contents, and analyzed the percentage composition of cellulose,
hemicellulose, and lignin (and, for food scraps, protein) in the remaining contents. He then measured the
percentage of total volatile solids in the remaining contents. This amount included the cellulose,
hemicellulose, lignin, and protein, and any other carbon-containing components such as waxes and
tannins.

2 Barlaz, M.A., “Biodegradative Analysis of Municipal Solid Waste in Laboratory-Scale Landfills”, EPA
600/R-97-071, 1997. Dr. Barlaz's work was funded by EPA's Air and Energy Engineering Research Laboratory.

% Barlaz, op. cit.
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The experimental results were then used to estimate the amount of each carbon-containing
component remaining that was attributable to the $aed,to estimate the amount of carbon for each
material that remained. It was assumed that the experiment reflected actual landfill conditions, and that
organic carbon remaining undegraded in the reactors would also remain undegraded over the long term in
landfills, i.e., it would be sequestered.

As discussed in Section 4.2, we included three definitions of mixed paper among the materials
analyzed in this report, namely:

. Broadly defined mixed paper, which includes almost all printing-writing paper, folding
boxes, and most paper packaging;

. Residential mixed paper, which includes the typical mix of papers from residential
curbside pick-up (e.g., high-grade office paper, magazines, catalogs, commercial
printing, folding cartons, and a small amount of old corrugated containers); and

. Mixed paper from offices, which includes copy and printer paper, stationary and
envelopes, and commercial printing.

Dr. Barlaz’s experiment did not specifically test mixed paper as defined for recycling purposes,
but it did evaluate four specific grades of paper—newsprint, corrugated boxes, office paper, and coated
paper. To allow development of estimates of methane emissions and carbon sequestration for the three
categories of mixed paper, Franklin Associates started with their detailed characterization of mixed paper
(shown in Exhibit 4-2), and assigned analogs among the four paper grades tested by Dr. Barlaz. Exhibit
7-1 characterizes the composition of the two products made from mixed paper: boxboard (made using
either a broad or a residential mix of recycled paper) and paper towels (made from recycled office paper).
Emissions were calculated using the characterization of mixed paper in Exhibit 7-1 and the values
obtained from Dr. Barlaz's experiment for newsprint, corrugated boxes, office paper, and coated paper.

Methane Generation: Experimental Data and Adjusted Values

The amount of methane generated by each type of organic material (after deducting the methane
attributable to the seed), is shown in column "b" of Exhibit 7-2.

As a check on his experimental results, Dr. Barlaz estimated the amount of methane that would
have been produced if all of the cellulose, hemicellulose, and protein from the waste material that was
decomposed during the experiment had been converted to equal parts of methane and carbon dioxide
(methane-producing microorganisms generate equal amounts, by volume, of methane and carbon dioxide

“ Dr. Barlaz tested seed alone to be able to control for the amount of methane generation and carbon
sequestration that was attributable to the seed.

®Note that Exhibits 7-2 through 7-4 show coated paper but not mixed paper; mixed paper is shown in
Exhibits 7-6 through 7-8. Exhibits 7-2 through 7-8 appear at the end of the chapter.
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Exhibit 7-1

Proxies for Composition Mixed Paper (percent)

Broad Definition for Mixed Paper from Mixed Paper from
Paper Grade Mixed Paper Residential Source® Offices’
Newsprint 24 23 21
Corrugated Boxe% 48 53 5
Office Paper 20 14 38
Coated Papér 8 10 36
100 100 100

Explanatory Notes:

Includes newsprint, uncoated groundwood paper, recycled folding boxes, and set-up boxes.

2Includes virgin and recycled corrugated boxes.

®Includes uncoated free sheet paper, cotton fiber paper, bleached bristols, unbleached kraft folding boxes, bleached
kraft folding boxes, bleached bags and sacks, unbleached bags and sacks, and unbleached wrapping paper.

“Includes coated free sheet paper and coated groundwood paper.

°Mixed paper characterized by the broad definition can be remanufactured in an open loop system into recycled
boxboard.

®Mixed paper characterized by the residential definition can be remanufactured in an open loop system into recycled
boxboard.

"Mixed paper characterized by the office definition is typically used to manufacture paper towels.

gas)® Dr. Barlaz referred to this amount as the material's "methane potential." He then calculated the
percentage of the methane potential for each material accounted for by the sum of (1) the measured
methane generation, and (2) the amount of methane that could be formed from the carbon in the leachate
that was removed from the reactor, and from the carbon in the refuse that remained in the reactor at the
end of the experimeniThe resulting percentages of the methane potential accounted for are shown in
column "c" of Exhibit 7-2. Methane potential not accounted for could be due to either (1) leaks of
methane, (2) measurement error, or (3) carbon in the cell mass of microorganisms (which was not
measured).

Methane recovery was below 85 percent of the "methane potential” for five materials: office
paper, coated paper, food scraps, leaves, and branches. In using Dr. Barlaz's data, we needed to make a
choice regarding how to allocate this missing carbon. We chose to assume that some of it had been
converted to microorganism cell mass, and the remainder had been degraded. Dr. Barlaz postulated a
higher methane yield based on assumptions that (1) five percent of the carbon in cellulose and
hemicellulose (and protein in the case of food scraps) that was degraded was converted into the cell mass
of the microbial population, and (2) 90 percent of the carbon-containing compounds that were degraded
but not converted to cell mass were converted to equal parts of methane and carbon dioxide. The
"corrected yields," based on these assumptions, are shown in column "d" of Exhibit 7-2.

® Ibid. Lignin was not considered in this check because cellulose, hemicellulose, and protein account for
nearly all of the methane generated.

’ Note that any carbon that was converted to cell mass in microorganisms was not considered in this
calculation.
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We decided, in consultation with Dr. Barlaz, to use the "corrected yields" for leaves, branches,
and office paper because we believed that these values were more realistic than the measiired yields.

The methane values that we used for each material (either the measured yield, or the "corrected"
yield) are shown again in column "f* of Exhibit 7-2. In order to maintain consistent units with the other
parts of our analysis, we converted the units for methane generation from milliliters per dry gram of
waste, to metric tons of carbon equivalent (MTCE) per wet ton of Waste resulting values are shown
in column "g" of Exhibit 7-2. The value for yard trimmings is a weighted average of the values for grass,
leaves, and branches, based on an assumption that yard trimmings are composed of 50 percent grass, 25
percent leaves, and 25 percent branches (on a wet weight basis).

Carbon Sequestration: Experimental Data and Calculations

Carbon sequestration was estimated by calculating the amount of carbon remaining in each
reactor at the end of the experiment, and then subtracting the amount of carbon remaining that was
attributable to the seed. The difference between the two values is the amount of carbon from the waste
material that remained in the reactor, undecomposed, at the end of the experiment. Because the
conditions in the reactor simulated landfill conditions (favorable to optimized decomposition),
approximately this amount of carbon would be sequestered if the material were landfilled. Carbon
sequestration for each material is presented in Exhibif7-3.

7.2 FATES OF LANDFILL METHANE: CONVERSION TO CO ,, EMISSIONS, AND
FLARING OR COMBUSTION WITH ENERGY RECOVERY

In this analysis, we accounted for (1) the conversion in the landfill of some portion of landfill
methane to C& and (2) the capture of methane, either for flaring or for combustion with energy
recovery (in either case, the captured methane is convertedtd'&Rhibit 7-4 presents this analysis.

The exhibit begins with the methane generation per wet ton of each material, which is shown in
column "b" (the values were simply copied from the last column of Exhibit 7-2). The next three sections
of the exhibit calculate net GHG emissions from methane generation for each of three categories of
landfills: (1) landfills without LFG recovery, (2) landfills with LFG recovery that flare LFG, and (3)
landfills with LFG recovery that generate electricity from the LFG. The second to last section of the

& The corrected yield was not available for coated paper. For food scraps, exgmtti®mmethane potential
recovery percentage was lower than 85 percent, we used the measured yield, as shown in column "b." We made this
choice for food scraps because the "corrected yield" for food scraps was greater than the maximum possible yield
(shown in column "e" of the exhibit). Dr. Barlaz had calculated the maximum possible yield for each material based
on the methane yield if all of the cellulose, hemicellulose, and protein in the material: (1) decomposed and (2) were
converted to equal parts of methane and carbon dioxide.

° To make the conversion, we used the ratio of dry weight to wet weight for each material and a global
warming potential of 21 for methane.

9The approach for estimating carbon sequestration is more fully described in, Barlaz, Morton, “Carbon
Storage During Biodegradation of Municipal Solid Waste Components in Laboratory-Scale Landfills,” paper
submitted for publication, Department of Civil Engineering, North Carolina State University, Raleigh, NC, 1997.

1 The CQ that is emitted is not counted as a GHG because it is biogenic in origin (as described in Section
1.6).
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exhibit shows the expected percentage of landfills in each category in 2000. The final column shows the
weighted average GHG emissions from methane generation across all types of landfills in 2000.

To estimate MSW methane emissions from each category of landfill, we first needed to estimate
the percentage of landfill methane that is oxidized near the surface of the landfill. We estimated that 10
percent of the landfill methane that is generated is either chemically oxidized or converted by bacteria to
CO,,  and that the remaining 90 percent is available for atmospheric methane emtssions.

To estimate MSW methane emissions from landfills with LFG recovery, we used the assumption
that these landfills will have an average LFG recovery efficiency of 75 percent by*Za@ther, to
estimate emissions for landfills that recover and then combust LFG to generate electricity, we estimated
the avoided utility GHG emissions per unit of methane combusted and then added the avoided emissions
to the net GHG emissions from methane generation (our calculations to develop this estimate are shown
in Exhibit 7-5).

We also projected the percentage of MSW disposed in each category of landfill in 2000. We
estimated that by the year 2000, when large landfills with substantial LFG emissions will be required to
recover LFG, 54 percent of all landfill methane will be generated at landfills with recovery systems, and
46 percent will be generated at landfills without LFG recove®f. the 54 percent of all methane
generated at landfills with LFG recovery, 91 percent (or 49 percent of all methane) is expected to be
generated at landfills that use LFG to generate electricity, and 9 percent (or 5 percent of all methane) at
landfills that flare LFG® " By basing our analysis on projected LFG recovery by the year 2000 (and the
projected LFG recovery efficiency in 2000), we avoided double-counting of GHG reductions between
programs that reduce landfilling and programs that increase recovery of landfill methane.

12 An oxidation rate of 10 percent is cited by Liptay, K., J. Chanton, P. Czepiel, and B. Mosher, Use of
stable isotopes to determine methane oxidation in landfill cover 3oilsnal of Geophysical Researokpril 1998,
103(D7), pp. 8243-8250; and Czepiel, P.M., B. Mosher, P.M. Crill, and R.C. Harriss, Quantifying the effects of
oxidation on landfill methane emissiodgurnal of Geophysical Researct996, 101, pp. 16721-16729.

13 US EPA, Office of Air and Radiationthropogenic Methane Emissions in the United States: Estimates
for 1990(Washington, D.C.: US EPA) April 1993, page 4-20.

14 Several commenters on the draft version of this report suggested a range of values; 75 percent was most
often cited as a best estimate. Comments oDth# Municipal Solid Waste Greenhouse Gas Refrorh Martin
Felker, Senior Environmental Engineer, Waste Management, dated July 28, 1997; Karen Harrington, Principal
Planner of the Minnesota Office of Environmental Assistance, dated July 28, 1997; Maria Zannes, President,
Integrated Waste Services Association, dated August@%, and October 15, 1997; and David Sussman, Poubelle
Associates, dated June 17, 1997.

15 Based on data on (1) year 2000 MSW landfill methane generation of 64.5 million MTCE, (2) year 2000
landfill methane recovery of 40.0 million MTCE, and (3) projected year 2000 landfill methane recovery efficiency of
85 percent (all from the memorandum from Cindy Jacobs, of the US EPA Atmospheric Pollution Prevention
Division to Michael Podolsky of the US EPA Office of Policy, Planning and Evaluation, July 25, 1995). EPA’s
current estimates of landfill methane generation and recovery differ from the values in this memo.

6 Memorandum from Cindy Jacobs, op cit.
¥ The assumption that 91 percent of landfills recovering methane will use it to generate electricity is subject

to change over time based upon changes in the cost of recovery, and the potential payback. Additionally, new
technologies may arise that use recovered methane for purposes other than generating electricity.
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Our results are shown in the final cola of Exhibit 74. Thematerials with the lghest rates of
netGHG amissions fran methanegeneration — office paper and cayated boxes — also v the hghest
grossmethanegeneration, as shown in cohm "b" of Exhibit 74. The recwery of methane at landfills
reduces thenethane missions for eacmaterial in proportionatenaounts, but does not chgathe
rarking of materials ly methane missions. Leges and branches Vathe lowest rates of net GHG
emissions fran methanegeneration.

The three sections of the exhibit piding GHG emissions estnates for each cagery of landfill
(in columns "d," 'g," and '|") may be used Y local MSW planners to estate GHG enissions from
MSW in agiven canmunity. For this purpose, one should add tovakies in the appropriate com the
estmated transportation GHGressions (the nationalvarage used in this styds 0.01 MTCE per ton),
and subtract estiated carbon sequestration (as shown for eadbrial in Exhibit 73).

Anthropogenic Carbon Dioxide Emissionsfrom Transportation of Wastes to a Landill

We next estnated the anthrogenic carbon dioxideraissions fran transportiig wastematerials
to a landfill. We bgan with estnates preided ly Frarklin Associates, Ltd. for thenaount of diesel fuel
required per ton of wastaeaterial for (1) collectig and transportig the material to a landfill (297,000
BTUs), and (2) operatgthe landfill equipnent (231,000 BTUsY We corverted these estiates to units
of metric tons of carbon eqealent (MTCE) per short ton, based on a carbon coefficient of 0.0208
MTCE permillion BTUs of diesel fuel. This resulted in an esdite of 0.01 MTCE of anthrogenic CQ
emissions per short ton ofiaterial landfilled.

7.3 NET GHG EMISSIONS FROM LAND FILLING

To detemine the net GHGraissions fran landfilling eachmaterial, we smnmed the net GHG
emissions fran methanegeneration, carbon sequestration (treated gative anissions), and
transportation C@emissions. The results are shown in Exhib@.7

As the exhibit shows, the pestnsumer results for azanicmaterialsvary widely. Landfilling
same materials, includig branches, newspaper, andves, results in net sequestration (i.e., carbon
storaye exceedsethane plus transportation eggemissions) at all landfills, gardless of whethegas
recovely is present. At the other exine, food scraps and office papereanet enissions &en for
landfills with gas recwery and electricy generation. The reaining materials hae net enissions that
are eitherery low (aluminum cans, steel cans, and plasticgenransportatiomelated enissions of 0.01
MTCE per ton, rgardless of whethegas collection is present) or that are borderline, depgrain
whether the landfill hagas receoety (eg., mixed MSW has netraissions at landfills withougas
recovery, but net carbon stoga at landfills withgas recoery). Based on piiected rates of landfithas
recovery in 2000, office paper, food scrapsixed paper, and corgated cardboard will, onverage,
exhibit net enissions, and branches, newspaper, angekeavill exhibit net sequestration.

'8 FranklinAssociatesl td., The Role of Recycling in Integrated Saliiste Management to the Year 2000
(Stamford, CT: KeepAmerica Beauful), Septenber 1994, p.-b.
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7.4 LIMITATIONS OF THE ANALYSIS

Perhaps the most important caveat to the analysis of GHG emissions and sequestration associated
with landfilling is that it is based on a single set of laboratory experiments, those conducted by Dr.
Morton Barlaz. While researchers other than Dr. Barlaz have conducted laboratory studies that track the
degradation of mixed MSW, his experiments were the only ones we identified that rigorously tested
materials on an individual basis. Dr. Barlaz is recognized as an expert on the degradation of different
fractions of MSW under anaerobic conditions, and his findings with respect to the methane potential of
mixed MSW are within the range used by landfill gas developers. Nevertheless, given the sensitivity of
the landfill results to estimated methane generation and carbon sequestration, we recognize that more
research is needed in this area.

Another important caveat relates to our estimate that 54 percent of MSW landfill methane
generated in the year 2000 will be generated at landfills with LFG recovery systems. This would be an
increase from the estimated 17 percent of landfill methane generated at landfills with LFG recovery in
1995. The net GHG emissions from landfilling each material are quite sensitive to the LFG recovery rate.
Because of the high global warming potential for methane, small changes in the LFG recovery rate by the
year 2000 could have a large effect on the net GHG impacts of landfilling each material, and on the
ranking of landfilling relative to other MSW management options. The effects of different rates of LFG
recovery by the year 2000 are shown in Exhibit 7-7. Column "b" of the exhibit shows net GHG emissions
at the 1995 recovery rate of 17 percent. The remaining columns show net GHG emissions at increasing
LFG recovery rates, up to a 60 percent recovery rate (exceeding 54 percent, the rate projected for 2000).
As the exhibit shows, the net post-consumer GHG emissions for landfilling mixed MSW are positive at
lower rates of recovery, and turn negative only when the LFG recovery rate exceeds 40 percent. At the
local level, the GHG emissions from landfilling MSW are quite different depending on whether the local
landfill has LFG recovery, as shown in Exhibits 7-4 and 7-6.

Because the national average estimate of emissions is based on LFG recovery levels expected by
the year 2000, there are several limitations associated with the use of this emission factor. First, landfill
methane emissions prior to 2000 will not be recovered at the year 2000 levels, thus, keeping organic
materials out of landfills prior to the year 2000 will have GHG benefits in excess of those estimated here.
Second, because landfill methane generation occurs over time and has significant timing delays (i.e.,
methane generation may not begin until a few years after the waste is deposited in the landfill and can
continue for many years after the landfill is closed), the values listed in this chapter represent total
methane generated, over time, per ton of waste landfilled. To the extent that LFG recovery rates shift
dramatically over time, these shifts are not reflected in the analysis. Third, landfills with LFG recovery
will be permitted, under EPA regulations, to remove the LFG recovery equipment when three conditions
are met: (1) the landfill is permanently closed, (2) LFG has been collected continuously for at least 15
years, and (3) the landfill emits less than 50 metric tons of nonmethane organic compounds'per year.
Although the removal of LFG recovery equipment will permit methane from closed landfills to escape
into the atmosphere, the amounts of methane emitted should be relatively small, because of the relatively
long time period required for LFG collection before LFG recovery equipment is removed.

Methane oxidation rate and landfill gas collection system efficiency are also important factors
driving results. We used values of 10 percent and 75 percent, respectively, as best estimates for these
factors. Commenters on the draft report and sources in the literature have reported estimates ranging
from about 5 percent to 40 percent for oxidation, and from about 60 to 95 percent for collection system

19 Federal Register, Vol. 61, No. 49, p. 9907.
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efficiengy. We investpated the sensitity of our results to these assptions; our results are shown in
Exhibit 7-8. We portrg the sensitiity as a boundiganaysis, i.e., we use the obinations ofvariables
yielding the upper boundneission factor (5 percent oxidation, 60 percent collection effigieand the
lower bound (40 percent oxidation, 95 percent effigi@AtAs the exhibit shows, theaterialsmost
sensitve to theseariables are those with theghestmethanegeneration potential, i.e., office paper,
mixed paper, and food scraps. Senglyivaries—the difference between upper and lower boundgsan
from 0.06 MTCE/ton for leges and branches to 0.43 MTCE/ton for office paper. Thequustumer
emission factors of seeralmaterials — corrgated cardboardnixed papergrass, ananixed MSW —
charge from having net sequestration under the lower bound torfgenet enissions under the upper
bound.

It is also Ikely that orgoing shifts in the use of landfill a@r and liner gstems could influence
the rate ofmethanegeneration and collection. Awsore landfills install effectie corers andmplement
controls tokeep water and other liquids out, conditions will be legert&ble for dgradation of oganic
wastes. @er the log tem, it is possible that this will result in a decreasenethanegeneration and an
increase in carbon sequestration. Meexo Dr. Barla believes that thenethaneyields fran his
laboratoy experiments are kely to be hgher tharmethaneyields in a landfill, because the laboratory
experiments were degned togenerate thenaximum amount ofmethane possibléf the methaneyields
used in this angkis are rgher tharyields in a landfill, the net GHGnassions fron landfilling organic
materials would be lower than estted here.

We assmed that once wastes are disposed in a landfil, éine neer removed.In other words,
we assmed that landfills are ner "mined.” (A number of canmunities hae mined their landfills —
removing and conbustirg the waste — in order to creat®re space for continued disposal of waste in the
landfill.) To the extent that landfills amained in the future, it is incorrect to asselithat carbon
sequestered in a landfill will neain sequestered. For ergle, if landfilled wastes are latermbusted,
the carbon that was sequestered in the landfill will be padtiio CQ in the canbustor.

For landfilling of yard trimmings (and other @anicmaterials), we assoed that all carbon
storae in a landfill erironment is increnental to the stoge that occurs in a neiandfill ervironment.
In other words, we asswed that in a baseline wheyard trmmings are returned to the soil (i.e., in a
nor-landfill environment), all of the carbon is demposed relatiely rapidly (i.e., within seeralyears) to
CQO,, and there is no l@aterm carbon storge. To the extent that Igrterm carbon storge occurs in the
baseline, the estiates of carbon sequestration reported herevaesiated, and the net pasinsuner
GHG amissions are understated.

Finally, our spreadsheet agais is Imited by the assmptions that werenade atvarious steps in
the anajsis, as described thrgluout this chapter. Thieey assmptions that hee not alreagd been
discussed asrhitations are the asawtions used in deeloping "corrected'methaneyields for oganic
materials in MSW. Because of theghiglobal waming potential ofmethane, arsall difference between
estmated and actuahethanegeneratiornvalues would hee a lage effect on the GHGnpacts of
landfilling, and on the raang of landfilling relative to other MSWmanaement options.

2 The table also reporta/d intemediate canbinations, including the best estite values.
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Exhibit 7-2

Methane Yield for Solid Waste Components

(a) (b) (c) (d) (e) () )]
Average Measured Percentage of "Corrected" Miaximum Possible Selected Selected

Methane Yield ‘|Methane Potential* [Methane Yield Methane Yield Meathane Yield Mathane Yield

Material (ml per dry gm) Accounted For  (ml per dry gram) (npl per dry gram) (ml ger dry gm) (MTCE / wet ton)
Newspaper 74.2 98.0 NA 239.4 74.2 0.259
Office Paper 217.3 55.5 346.0 398.2 346.0 1.207
Corrugated Boxes 152.3 87.7 NA 279.7 152.3 0.537
Coated Paper 84.4 83.7 NA NA 84.4 0.294
Food Scraps 300.7 77.4 386.2 357.6 300.7 0.335
Grass 144.3 89.3 NA 153.2 144.3 0.214
Leaves 30.5 75.2 56.0 108.0 56.0 0.166
Branches 62.6 82.8 76.3 2249 76.3 0.170
Yard Trimmings 0.191
Mixed MSW 92.0 97.6 NA 157.6 92.0 0.273

Note that totals may not add due to rounding and more digits may be displayed than are significant.
Note that Exhibits 7-1 to 7-3 show coated paper but not mixed paper; mixed paper is shown in Exhibits 7-5 and 7-6. The values for the different
types of mixed paper are based on the proportion of the four paper types (newspaper, office paper, corrugated cardboard, and coated paper)

that comprise the different "mixed paper" definitions.
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Exhibit 7-3
Carbon Sequestration for Solid Waste Components

() (b) (c) (d) (e)
(d=b*c)
Ratio of Carbon Ratio of Carbon Amount of
Sequestration  |Ratio of Dry |Sequestration Carbon
to Dry Weight Weight to to Wet Weight Sequestered
Material (gm C/dry gm)  Wet Weight |(gm C/wetgm)  (MTCE per Wet Ton)

Newspaper 0.42 0.94 0.39 0.36
Office Paper 0.05 0.94 0.05 0.04
Corrugated boxes 0.26 0.95 0.25 0.22
Coated Paper 0.34 0.94 0.32 0.29
Food Scraps 0.08 0.30 0.02 0.02
Grass 0.32 0.40 0.13 0.12
Leaves 0.54 0.80 0.43 0.39
Branches 0.38 0.60 0.23 0.21
Yard Trimmings 0.23 0.21
Mixed MSW 0.22 0.80 0.18 0.16

Note that more digits may be displayed than are significant.

Explanatory Notes for Exhibit 7-3:

(1) Because MSW is typically measured in terms of its wet weight, we needed to convert the ratios for carbon sequesaetethax drfy weight to carbon
sequestered as a fraction of wet weight. To do this, we used the estimated ratio of dry weight to wet weight for eachiraateralos are shown in column

“c” of the exhibit. For most of the materials, we used data from an engineering hadtiBookyrass, leaves, and branches, we used data provided by Dr. Barlaz.
(2) For consistency with the overall analysis, we converted the carbon sequestration values for each material to uniterd ofetdrbon equivalent (MTCE)

sequestered per short ton of waste material landfilled. The resulting values are shown in column “e” of the exhibit.

L Tchobanoglous, George, Hilary Theisen, and Rolf Eliasselij Wastes: Engineering Principles and Management Ig®ms York: McGraw-Hill

Book Co.) 1977, pp. 58 and 60.
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Exhibit 7-4

Net GHG Emissions from Methane Generation

Methane from Landfills Without

Methane from Landfills With LFG Recovery and:

Percentage of Methane From

Methane Recovery Flaring Electricity Generation Each Type of Landfill in 2000 TJOTAL
@ (b) (© (d) (e) ® ) (h) 0] 0] (k) 0] (m) ()
(g+)
Net GHG Percentage of |Percentage of Net GHG | Utility CO2 | Utility | Net GHG | Percentage of |Percentage of|[Methane From Net GHG
Percentage Emissions Methane Not | Methane Not| Emissions| Emissions CO2 |Emissions| Methane From [Methane From| Landfills With | Emissions
CH4 Of Methane from CH4 Recovered Recovered | From CH4|Avoided Per|Emissions| From CH4|Landfills Withouq Landfills With |LFG Recovery] From CH4
Generation Not Generation (100 % Minus | Thatis Not |Generationf MTCE CH4| Avoided |Generation LFG LFG Recoveryland Electricity] Generation
(MTCE/ Oxidized (MTCE/ LFG Collection Oxidized (MTCE/ | Combusted| (MTCE/ | (MTCE/ Recovery and Flaring | Generation (MTCE/
Material Wet Ton) to CO2 Wet Ton) System Efficiency to CO2 Wet Ton)| (MTCE) |Wet Ton)| Wet Ton) in 2000 in 2000 in 2000 Wet Ton)
Newspaper 0.259 90% 0.23 25% 90% 0.06 -0.18 -0.04 0.02 46% 5% 49% 0.12
Office Paper 1.207 90% 1.09 25% 90% 0.27 -0.18 -0.16 0.11 46% 5% 49% 0.56
Corr. Boxes 0.537 90% 0.48 25% 90% 0.12 -0.18 -0.07 0.05 46% 5% 49% 0.25
Coated Paper 0.294 90% 0.26 25% 90% 0.07 -0.18 -0.04 0.03 46% 5% 49% 0.14
Food Scraps 0.335 90% 0.30 25% 90% 0.08 -0.18 -0.05 0.03 46% 5% 49% 0.16
Grass 0.214 90% 0.19 25% 90% 0.05 -0.18 -0.03 0.02 46% 5% 49% 0.10
Leaves 0.166 90% 0.15 25% 90% 0.04 -0.18 -0.02 0.01 46% 5% 49% 0.08
Branches 0.170 90% 0.15 25% 90% 0.04 -0.18 -0.02 0.02 46% 5% 49% 0.08
Yard Trimmings 0.191 90% 0.17 25% 90% 0.04 -0.18 -0.03 0.02 46% 5% 49% 0.09
Mixed MSW 0.273 90% 0.25 25% 90% 0.06 -0.18 -0.04 0.02 46% 5% 49% 0.13

Note that totals may not add due to rounding and more digits may be displayed than are significant.
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Exhibit 7-5
Calculation to Estimate Utility GHGs Avoided
Through Combustion of Landfill Methane

Step Value Source
Metric tons CH,/MTCE CH, 0.17 |1/((12/44)*Global warming potential of CH,)
Grams CH,/metric ton CH, 1.00E+06|Physical constant
Cubic ft. CH,/gram CH, 0.05 |1/20: 20 grams per cubic foot of methane at standard temperature and pressure
BTUs/cubic ft. CH, 1,000 |"Opportunity for LF Gas Energy Recovery in Kentucky," USEPA/OAR September 97, p. 2-12
kWh electricity generated/BTU 0.00008 |1/13,000: from "Opportunity"” report p. 2-11, assumes use of internal combustion engines
kWh electricity delivered/kWh electricity generated 0.95 |U.S. DOE, EIA, "Annual Energy Review 1993 (Washington, DC: DOE/EIA) July 1994, p. 252
BTUs/kWh electricity delivered 3,412 |Physical constant
Kg. utility C avoided/BTU delivered electricity 8.349E-05 |0.08349 MTCE/mmBTU delivered electricity, from Exhibit 6-3. This assumes that LFG energy recovery displaces fossil fuel generation.
Metric Tons avoided utility C/kg utility C 0.001 1000 kg per metric ton
Ratio of MTCE avoided utility C per MTCE CH, 0.18 |Product from multiplying all factors
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Exhibit 7-6

Net GHG Emissions from Landfilling

(@) (b) (© (d) (e)(e=b+c+d)
Net GHG Emissions from CH , Generation GHG Net GHG Emissions from Landfilling
(MTCE/Wet Ton) Net Emissions (MTCE/Wet Ton)
Landfills Landfills With Landfills With Projected Carbon from Landfills Lgndfills With Lardfills With Projetted
Without LFG LFG Recovery | FG Recovery and National [Sequestration Trpnsportation Without LFG LEG Recovery LFG|Recovery and Natipnal
Material Recovery and Flaring Electric Generation Average (MTCE/Wet Ton) | (MTCE/Wet Ton) Recovery and Flaring Flectric Generation Average

Newspaper 0.23 0.06 0.02 0.12 -0.36 0.01 -0.11 -0.29 -0.32 -0.23
Office Paper 1.09 0.27 0.11 0.56 -0.04 0.01 1.05 0.24 0.08 0.53
Corrugated Cardboard 0.48 0.12 0.05 0.25 -0.22 0.01 0.27 -0.09 -0.17 0.04
Coated Paper 0.26 0.07 0.03 0.14 -0.29 0.01 -0.01 -0.21 -0.25 -0.14
Mixed Paper

Broad Definition 0.53 0.13 0.05 0.27 -0.23 0.01 0.31 -0.08 -0.16 0.06

Residential Definition 0.49 0.12 0.05 0.25 -0.24 0.01 0.26 -0.10 -0.18 0.03

Office Paper Definition 0.58 0.15 0.06 0.30 -0.21 0.01 0.39 -0.05 -0.14 0.11
Aluminum Cans 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01
Steel Cans 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01
Glass 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01
HDPE 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01
LDPE 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01
PET 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01
Food Scraps 0.30 0.08 0.03 0.16 -0.02 0.01 0.29 0.06 0.02 0.15
Grass 0.19 0.05 0.02 0.10 -0.12 0.01 0.09 -0.06 -0.09 -0.01
Leaves 0.15 0.04 0.01 0.08 -0.39 0.01 -0.23 -0.34 -0.37 -0.30
Branches 0.15 0.04 0.02 0.08 -0.21 0.01 -0.04 -0.16 -0.18 -0.12
Yard Trimmings 0.17 0.04 0.02 0.09 -0.21 0.01 -0.02 -0.15 -0.18 -0.11
Mixed MSW 0.25 0.06 0.02 0.13 -0.16 0.01 0.10 -0.09 -0.12 -0.02

Note that totals may not add due to rounding and more digits may be displayed than are significant.
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Exhibit 7-7

Net GHG Emissions from Landfilling
Sensitivity Analysis: Varying the Percentage of Waste Disposed
at Landfills with Methane Recovery

(a) (b) (©) (d) (e) ()
17% 30% 46% 50% 60%
of waste disposed pf waste disposed of waste disposed of yaste disposed of WISte disposed
at landfills with at landfills with ht landfills with at| landfills with at landfills with
Material LFG recovery LFG recovery LFG recovery LFG recovery | FG recovery
Newspaper -0.15 -0.18 -0.21 -0.22 -0.24
Office Paper 0.89 0.77 0.61 0.57 0.48
Corrugated Cardbd 0.20 0.14 0.07 0.06 0.01
Coated Paper -0.05 -0.08 -0.12 -0.13 -0.16
Mixed Paper
Broad Def'n. 0.23 0.17 0.10 0.08 0.03
Residential Def'n. 0.19 0.13 0.06 0.05 0.00
Office Paper Def'n. 0.30 0.23 0.15 0.13 0.08
Food Scraps 0.25 0.21 0.17 0.16 0.13
Grass 0.06 0.04 0.01 0.00 -0.01
Leaves -0.25 -0.27 -0.29 -0.30 -0.31
Branches -0.07 -0.08 -0.11 -0.11 -0.12
Yard Trimmings -0.05 -0.07 -0.09 -0.10 -0.12
Mixed MSW 0.06 0.03 0.00 -0.01 -0.03

Note that totals may not add due to rounding and more digits may be displayed than are significant.
Note: Of the methane that is captured, we assumed that 9% is flared and 91% is recovered for energy.
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Exhibit 7-8
Net GHG Emissions from Landfilling
Sensitivity Analysis: Varying Oxidation and
Gas Collection Efficiency Rates. Based on projected

national mix of landfill gas recovery systems for 2000.

Oxidation Rate: 40% 10% 5%
Collection
Efficiency: 95% 75% 60%
Lower bound Best estimate Upper bound
Material emissions emissions
Newspaper -0.29 -0.23 -0.20
Office Paper 0.23 0.53 0.66
Corrugated Cardbd -0.10 0.04 0.10
Coated Paper -0.22 -0.14 -0.11
Mixed Paper
Broad Def'n. -0.09 0.06 0.12
Residential Def'n. -0.11 0.03 0.09
Office Paper Def'n. -0.06 0.11 0.18
Food Scraps 0.06 0.15 0.18
Grass -0.06 -0.01 0.02
Leaves -0.35 -0.30 -0.29
Branches -0.16 -0.12 -0.10
Yard Trimmings -0.16 -0.11 -0.09
Mixed MSW -0.09 -0.02 0.01

Note that totals may not add due to rounding and more digits may be displayed than are significant.
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8. ACCOUNTING FOR EMISSION REDUCTIONS

Earlier chapters of this report examined the GHG emissions from (1) raw materials acquisition
and manufacturing (and forest carbon sequestration for paper products) and (2) waste management. This
chapter combines information from the earlier chapters to present a picture of the life cycle GHG
emissions associated with raw materials acquisition, manufacturing, and then managing as waste, each of
the materials considered in this analysis.

Management of municipal solid waste presents many opportunities for GHG emission
reductions. Source reduction and recycling can reduce GHG emissions at the raw materials acquisition
and manufacturing stage, increase forest carbon storage, and avoid landfill methane emissions. When
waste is combusted, energy recovery displaces fossil fuel-generated electricity from utilities (thus
reducing GHG emissions from the utility sector), and landfill methane emissions are avoided. Landfill
methane emissions can be reduced by using gas recovery systems and by diverting organic materials
away from the landfill.

In order to support a broad portfolio of climate change mitigation activities covering a broad
scope of greenhouse gases, many different emission estimation methodologies will need to be employed.
The primary result of this research is the development of material-specific GHG emission factors which
can be used to account for the climate change benefits of waste management prahésesemission
factors are summarized in the following pages.

In the discussion that follows, we focus on national average conditions. For example, we
represent landfills as having the national average landfill gas collection efficiency, and represent
combustors based on mass burn units with national average collection efficiency of ferrous metal. As
shown in the previous chapters, the GHG emission factors are sensitive to many variables, including
several that are site-specific; thus, at specific locations, the emission factors can differ from those
described below. A spreadsheet accounting tool, the Waste Reduction Model (WARM), is being
developed to allow for customizing of emission factors based on key variables (e.g., landfill gas
collection, electric utility fuel mix, transportation distances) which may better reflect local conditions.

8.1 GHG EMISSIONS FOR EACH WASTE MANAGEMENT OPTION

This section presents the life cycle GHG emissions for each waste management option, for each
material considered. These emissions are shown in five exhibits that recapitulate the GHG emissions and
sinks analyzed in detail in earlier chaptefss mentioned in Chapter 1, we used a waste generation
reference point for measuring GHG emissions. That is, one can begin accounting for GHG emissions at
the point of waste generation. All subsequent emissions and sinks from waste management practices are

! Note that the exhibits presented in this chapter are intended to present the GHG impacts of the different
MSW management options for the specific materials examined and are not intended to compare materials.

2 We did not provide an exhibit for composting. As described in Chapter 5, we performed a bounding
analysis and concluded that net GHG emissions from composting are zero or close to zero.
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then counted. Changes in emissions and sinks from raw material acquisition and manufacturing processes
are captured to the extent that certain waste management practices (i.e., source reduction and recycling)
impact these processes (for reference, GHG emissions from raw materials acquisition and manufacturing
are shown in the first column of several exhibits in this chapter). Negative emission factors indicate that
from the point of waste generation, some MSW management options can reduce GHG emissions.

Exhibit 8-1 shows the life cycle GHG reductions associated with source reduction. In brief, the
exhibit shows that, for all of the manufactured materials evaluated, source reduction results in GHG
emission reductions. On a per-ton basis, the metals (aluminum cans and steel cans) have greatest
emission reduction potential, due primarily to reductions in energy use in the raw material acquisition
and manufacturing step.

Exhibit 8-2 shows the life cycle GHG emissions associated with recycling materials. The third
through fifth columns in this exhibit show the GHG reductions associated with using recycled inputs in
place of virgin inputs when the material is remanufactured. As the final column in the exhibit indicates,
recycling generally results in negative emissions (measured from the point of waste generation).
Emission reductions associated with recycling are due to several factors, including avoided waste
management emissions and reduced process energy emidsiaaiglition, emission reductions from
recycling paper products (when measured at the point of waste generation) are due in part to the forest
carbon sequestration benefits of recycling paper.

Exhibit 8-3 presents the life cycle GHG emissions from combusting each of the materials
considered. This exhibit shows emissions for mass burn facilities with the national average rate of
ferrous recovery; results for RDF facilities are similar. As the exhibit shows, mixed MSW combustion
has net emissions of —0.04 MTCE/ton. Net GHG emissions are positive for plastic and negative for paper
products, steel cans, food scraps, and yard trimmings.

GHG emissions from landfilling each of the materials is shown in Exhibit 8-4. The values in the
final column indicate that net GHG emissions from landfilling mixed MSW, under anticipated national
average conditions in 2000, are slightly negative. Among individual materials, emissions are lowest for
newspaper and yard trimmings, and highest for office paper and food scraps. For the other materials, the
net emissions are close to zero, ranging from 0.01 MTCE/ton for steel, aluminum, glass, and plastics to
0.10 MTCE/ton for mixed paper (from office sources).

As discussed in Chapter 7 and shown in Exhibit 7-6, the results for landfills are very sensitive to
site-specific factors. Landfill gas collection practices significantly influence the net GHG emissions from
landfilling the organic materials. For mixed MSW, net emissions are 0.10 MTCE/ton in landfills without
landfill gas collection, and -0.12 MTCE/ton in landfills with landfill gas collection and energy recovery.
The largest differences attributable to landfill gas recovery are for office paper (range of almost 1
MTCE/ton), corrugated cardboard, and mixed paper. The methane oxidation rate and gas collection
system efficiency also have a strong influence on the estimated net emissions for mixed waste and the
organic materials.

Exhibit 8-5 displays the net emissions for each of the management options. In addition, it adds a
row for “Mixed Recyclables,” and provides estimates for recycling, combustion, and landfilling this
category of materials. We developed the emission factors for mixed recyclables by calculating the

% Corrugated cardboard and mixed paper (broad and residential definitions) recycling actually have higher
energy GHG emissions, because production with recycled inputs uses fossil fuel-derived energy, while production
from virgin inputs uses high proportions of biomass fuel {€&mn such fuel is not counted in GHG inventories).

112



avergge emission factor (weghted ly tons regcled in 1996) for newspaper, office paper, cogated
cardboard, alminum cans, steel cans, HDPE containers, LDPE containers, and PET containers. The
exhibit provides a smmary of the enission factors, in tens of national werage amissions for each
management option and eaamaterial. When rdewing the enission factors, it ismportant to recall
caveats that appear thrglwout this reportln particular, these estates do not reflect sigpecific
variability, and thg are not intended to ogare onematerial to another. A brief recap of how to apply
the emission factors appears in the followisection.

8.2 APPLYING EMISSION FACTORS

The net GHG miission estinates presented in Exhibitsl8throwh 85 (and themore detailed
estmates in the precedychapters) prade emission factors thamnay be used Y organizations
interested in quangifng andvoluntarily reportirg emissions reductions associated with waste
manayement practicesin corjunction with the Depamtent of Enegy, EPA has used these esties as
the basis for desloping guidance fowvoluntaly reportirg of GHG reductions, as authorizeg Gorgress
in Section 1605(b) of the ErgrPolicy Act of 1992. Other potential applications includeleatirg the
progress ofvoluntary programs aimed at source reduction and yeling, such as EPA’s WasteWi$e,yPa
asYou-Throw, and other Gthate Chage Action Plan prgrams.

In order to appl the emission factors presented in this report, omest first establish two
scenarios: a baseline scenario that represents cora@ajement practices (g., disposiig 10 tons per
year of office paper in a landfill without LFG collection); and an alteveattenario that represents the
alternatve manayement practice (@., reg/cling the sane 10 tons of office papet). The emission factors
developed in this report can then be used to calculateseons under both the baseline and the
alternatve management practices. Oncargssions for the two scenariosveabeen detenined, one
calculates the difference between the alteveagcenario and the baseline scenario. The result represents
the GHG enission reductions or increases attributable to the alternative masggenent practice.

Exhibit 86 illustrates the results of this procedure in a scenario where the basafisgement
scenario is disposal in a landfill with nationakgsge conditions (i.e., the wghted aerage in tems of
landfill gas recwoery practice). Alternatie scenarios wolve source reduction, recling, canpostirg, or
combustion. Thevalues in the cells of thmatrix represent #gnincremental changax GHG emissions.
For exanple, regcling one ton of office paper, rather than landfdjit, reduces GHGraissions ly 1.35
MTCE (this is the seconehlue in the “Regcling” column of the exhibit). Continuigthe exanple from
the previous pararaph, if a businessnplements an office paper rgcling program, and annuayl diverts
10 tons of office paper (that would otherwise be landfilled) tgalew), the GHG enission reductions
are: 10 tonsyr * 1.35 MTCE/ton = 13.5 MTCE#.

4 Characterization oMunicipal SolidWaste in the United States: 1997 UpddiS BPA, Office of Solid Waste and
Emergeng/ Response, (Mal1998).

® In calculating eissionsfor the scenarioswb different réerence points can be usdthese réerence
points are described in detail in Section ES.5. Because the desiredbitidoris the difference imgissions beteen
the baseline and alternative scenarios, either referenceypid the sme result.

® The amission factors are expressed imierof GHG enissions per ton ahaterialmanaged. In the case of
regycling, we define 1 bn of mateial managed as Jh collectedfor regycling. As discussed in Chapter 4, the
emission factors can be pdted to calculate GHGreéssions in tems of tons of regcled materiak as marketed
(reflecting losses in collection and sorting processes), or changegétyléed contentf products.
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Exhibit 8-1

Greenhouse Gas Emissions for Source Reduction
(MTCE/Ton of Material Source Reduced)
Emissions Measured from a Waste Generation Reference Point

(a) Raw Materials Acquisition (b) Forest Carbon Sequestration (d=a+b+c)
and Manufacturing (c) (d) Net Emissions
Source Reduction Source Source Reduction Source Source Reduction Source
Displaces Current Reduction Displaces Current Reduction Waste Displaces Current Reduction
Mix of Virgin and Displaces Virgin Mix of Virgin and Dpisplaces Virgin Mhnagement Mix of Virgin and Disflaces Virgin
Material Recycled Inputs Inputs Recycled Inputs Inputs Emissions Recycled Inputs Inputs
Newspaper -0.48 -0.55 -0.43 -0.73 0.00 -0.91 -1.28
Office Paper -0.52 -0.56 -0.50 -0.73 0.00 -1.03 -1.29
Corrugated Cardboard -0.41 -0.38 -0.38 -0.73 0.00 -0.78 -1.11
Mixed Paper
Broad Definition NA NA NA NA NA NA NA
Residential Definition NA NA NA NA NA NA NA
Office Paper Definition NA NA NA NA NA NA NA
Aluminum Cans -2.98 -5.39 0.00 0.00 0.00 -2.98 -5.39
Steel Cans -0.84 -1.12 0.00 0.00 0.00 -0.84 -1.12
Glass -0.14 -0.16 0.00 0.00 0.00 -0.14 -0.16
HDPE Containers -0.61 -0.70 0.00 0.00 0.00 -0.61 -0.70
LDPE Containers -0.89 -0.89 0.00 0.00 0.00 -0.89 -0.89
PET Containers -0.98 -1.16 0.00 0.00 0.00 -0.98 -1.16
Food Scraps NA NA NA NA NA NA NA
Yard Trimmings NA NA NA NA NA NA NA
Mixed MSW (as disposed) NA NA NA NA NA NA NA

Note that totals may not add due to rounding and more digits may be displayed than are significant.
NA: Not applicable, or in the case of composting of paper, not analyzed.

1 Under the accounting convention used in this analysis, emissions are quantified from a waste generation reference point (once the material has already undergone the raw

materials acquisition and manufacturing phase).
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Emissions Measured from a Waste Generation Reference Point

Exhibit 8-2
Recycling

(GHG Emissions in MTCE/Ton)

1

Raw Materials Acquisition and
Manufacturing

Recycled Input Credit

2

() (h)
RMAM Emissions (b) ® (9) (h = b+c+d+e+
Not Included in Waste (©) (d) (e) Forest Waste f+g)
Baseline (current Generation Process Transportation Process Carbon Management Net
Material mix of inputs) Baseline Energy Energy Non-Energy Sequestration Emissions Emissions

Newspaper 0.48 0.00 -0.14 0.01 0.00 -0.73 0.00 -0.86
Office Paper 0.52 0.00 -0.07 -0.01 0.00 -0.73 0.00 -0.82
Corrugated Cardboard 0.41 0.00 0.03 0.00 0.00 -0.73 0.00 -0.70
Mixed Paper

Broad Definition 0.38 0.00 0.09 -0.02 0.00 -0.73 0.00 -0.67

Residential Definition 0.38 0.00 0.09 -0.02 0.00 -0.73 0.00 -0.67

Office Paper Definition 0.89 0.00 -0.09 -0.02 0.00 -0.73 0.00 -0.84
Aluminum Cans 2.98 0.00 -2.49 -0.07 -1.32 0.00 0.00 -3.88
Steel Cans 0.84 0.00 -0.57 -0.01 0.00 0.00 0.00 -0.57
Glass 0.14 0.00 -0.04 0.00 -0.04 0.00 0.00 -0.08
HDPE Containers 0.61 0.00 -0.30 -0.02 -0.05 0.00 0.00 -0.37
LDPE Containers 0.89 0.00 -0.44 -0.01 -0.05 0.00 0.00 -0.49
PET Containers 0.98 0.00 -0.58 -0.02 -0.03 0.00 0.00 -0.62
Food Scraps NA 0.00 NA NA NA NA 0.00 NA
Yard Trimmings NA 0.00 NA NA NA NA 0.00 NA
Mixed MSW (as disposed) 0.49 0.00 NA NA NA NA 0.00 NA

Note that totals may not add due to rounding and more digits may be displayed than are significant.
NA: Not applicable, or in the case of composting of paper, not analyzed.

Under the accounting convention used in this analysis, emissions are quantified from a waste generation reference point (once the material has already undergone the raw materials acquisition

and manufacturing phase).

Material that is recycled after use is then substituted for virgin inputs in the production of new products. This credit represents the difference in emissions that results from using recycled inputs
rather than virgin inputs. It accounts for loss rates in collection, processing, and remanufacturing. Recycling credit is based on weighted average of closed and open
loop recycling for office paper, corrugated cardboard, and mixed paper. All other estimates are for closed loop recycling.
*The value for mixed MSW is the weighted average of the RMAM emissions for those materials we studied.
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Exhibit 8-3
Combustion

(GHG Emissions in MTCE/Ton)
Values are for mass burn facilities with national average rate of ferrous recovery.
Emissions Measured from a Waste Generation Reference Point

1

Raw Materials Acquisition and (h)
Manufacturing (h =b+c+d+e
(a) (b) (U] ++g)
RMAM Emissions Waste (c) (d) (e) Avoided (9) Net Emissions
Not Included in Generation Transportation CO, from N ,O from Utility Ferrous (Post-
Material Baseline 2 Baseline to Combustion Combustion Combustion Enfissions Redovery Cqgnsumer)
Newspaper 0.48 0.00 0.01 0.00 0.01 -0.24 0.00 -0.22
Office Paper 0.52 0.00 0.01 0.00 0.01 -0.20 0.00 -0.19
Corrugated Cardboard 0.41 0.00 0.01 0.00 0.01 -0.21 0.00 -0.19
Mixed Paper

Broad Definition 0.38 0.00 0.01 0.00 0.01 -0.21 0.00 -0.19
Residential Definition 0.38 0.00 0.01 0.00 0.01 -0.21 0.00 -0.19
Office Paper Definition 0.89 0.00 0.01 0.00 0.01 -0.19 0.00 -0.18
Aluminum Cans 2.98 0.00 0.01 0.00 0.01 0.01 0.00 0.03
Steel Cans 0.84 0.00 0.01 0.00 0.01 0.01 -0.51 -0.48
Glass 0.14 0.00 0.01 0.00 0.01 0.01 0.00 0.02
HDPE Containers 0.61 0.00 0.01 0.75 0.01 -0.56 0.00 0.21
LDPE Containers 0.89 0.00 0.01 0.75 0.01 -0.56 0.00 0.21
PET Containers 0.98 0.00 0.01 0.51 0.01 -0.29 0.00 0.24
Food Waste NA 0.00 0.01 0.00 0.01 -0.07 0.00 -0.05
Yard Waste NA 0.00 0.01 0.00 0.01 -0.08 0.00 -0.07
Mixed MSW (as disposed) 0.49 0.00 0.01 0.10 0.01 -0.15 -0.01 -0.04

Note that totals may not add due to rounding and more digits may be displayed than are significant.
NA: Not applicable, or in the case of composting of paper, not analyzed.
! Under the accounting convention used in this analysis, emissions are quantified from a waste generation reference point (once the material has already undergone the raw materials acquisition

and manufacturing phase).

2The value for mixed MSW is the weighted average of the RMAM emissions for those materials we studied.
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Exhibit 8-4
Landfilling
(GHG Emissions in MTCE/Ton)
Values for landfill methane and net emissions reflect projected
national ave rage methane recove ry in year 2000.

Emissions Measured from a Waste Generation Reference Point !

Raw Materials Acq uisition and
Manufacturing
(a) (b) (d) (e) ()
RMAM Emissio ns Waste (©) Net Landfill (f=b+c+d+e)
Not Included in Generation Transportation Landfill Carbon Net
Material Baseline * Baseline to Landfill CH, Sequestration Emissio ns

Newspaper 0.48 0.00 0.01 0.12 -0.36 -0.23
Office Paper 0.52 0.00 0.01 0.56 -0.04 0.53
Corrugated Cardboard 0.41 0.00 0.01 0.25 -0.22 0.04
Mixed Paper

Broad Definition 0.38 0.00 0.01 0.27 -0.23 0.06

Residential Definition 0.38 0.00 0.01 0.25 -0.24 0.03

Office Paper Definition 0.89 0.00 0.01 0.30 -0.21 0.10
Aluminum Cans 2.98 0.00 0.01 0.00 0.00 0.01
Steel Cans 0.84 0.00 0.01 0.00 0.00 0.01
Glass 0.14 0.00 0.01 0.00 0.00 0.01
HDPE Containers 0.61 0.00 0.01 0.00 0.00 0.01
LDPE Containers 0.89 0.00 0.01 0.00 0.00 0.01
PET Containers 0.98 0.00 0.01 0.00 0.00 0.01
Food Scrap NA 0.00 0.01 0.16 -0.02 0.15
Yard Trimmings NA 0.00 0.01 0.09 -0.21 -0.11
Mixed MSW (as disposed) 0.49 0.00 0.01 0.13 -0.16 -0.02

Note that totals may not add due to rounding and more digits may be displayed than are significant.
NA: Not applicable, or in the case of composting of paper, not analyzed.

! Under the accounting convention used in this analysis, emissions are quantified from a waste generation reference point (once the material has already undergone the raw
materials acquisition and manufacturing phase).
The value for mixed MSW is the weighted average of the RMAM emissions for those materials we studied.
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Net GHG Emissions from Source Reduction and MSW Management Options

Emissions Measured from a Waste Generation Reference Point

Exhibit 8-5

(MTCE/Ton)

1

Source Recycling Composting 3 Combustion * Landfilling °
Material Reduction ?

Newspaper -0.91 -0.86 NA -0.22 -0.23
Office Paper -1.03 -0.82 NA -0.19 0.53
Corrugated Cardboard -0.78 -0.70 NA -0.19 0.04
Mixed Paper

Broad Definition NA -0.67 NA -0.19 0.06

Residential Definition NA -0.67 NA -0.19 0.03

Office Paper Definition NA -0.84 NA -0.18 0.10
Aluminum Cans -2.98 -3.88 NA 0.03 0.01
Steel Cans -0.84 -0.57 NA -0.48 0.01
Glass -0.14 -0.08 NA 0.02 0.01
HDPE Containers -0.61 -0.37 NA 0.21 0.01
LDPE Containers -0.89 -0.49 NA 0.21 0.01
PET Containers -0.98 -0.62 NA 0.24 0.01
Food Scraps NA NA 0.00 -0.05 0.15
Yard Trimmings NA NA 0.00 -0.07 -0.11
Mixed MSW (as disposed) NA NA NA -0.04 -0.02
Mixed Recyclables NA -0.76 NA -0.18 0.03

Note that totals may not add due to rounding and more digits may be displayed than are significant.
NA: Not applicable, or in the case of composting of paper, not analyzed.
! Under the accounting convention used in this analysis, emissions are quantified from a waste generation reference point (once the material has
already undergone the raw materials acquisition and manufacturing phase).
2 source reduction assumes displacement of current mix of virgin and recycled inputs.
% There is considerable uncertainty in our estimate of net GHG emissions from composting; the values of zero are plausible values based on

assumptions and a bounding analysis.

*Values are for mass burn facilities with national average rate of ferrous recovery.
®Values reflect projected national average methane recovery in year 2000.
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Exhibit 8-6

Net GHG Emissions of MSW Management Options Compared to Landfilling
Negative values indicate emission reductions.

1

(MTCE/Ton)
Source Reduction Recycling Composting 2 Combustion °
Net Emissions Net Emissions Net Emissions Net Emissions
Minus Landfilling Net Emissions Minus Landfilling  Mipus Landfilling ~ Minlis Landfilling
Material Current Mix of Inputs 100% Virgin Inputs Net Emissions Net Emissions Né¢t Emissions

Newspaper -0.68 -1.05 -0.63 NA 0.01
Office Paper -1.56 -1.82 -1.35 NA -0.72
Corrugated Cardboard -0.82 -1.15 -0.74 NA -0.23
Mixed Paper

Broad Definition NA NA -0.73 NA -0.25

Residential Definition NA NA -0.69 NA -0.22

Office Paper Definition NA NA -0.95 NA -0.28
Aluminum Cans -3.00 -5.40 -3.89 NA 0.02
Steel Cans -0.85 -1.13 -0.58 NA -0.49
Glass -0.15 -0.17 -0.09 NA 0.01
HDPE Containers -0.62 -0.71 -0.38 NA 0.20
LDPE Containers -0.90 -0.90 -0.51 NA 0.20
PET Containers -0.99 -1.17 -0.63 NA 0.22
Food Scrap NA NA NA -0.15 -0.20
Yard Trimmings NA NA NA 0.11 0.04
Mixed MSW (as disposed) NA NA NA NA -0.02
Mixed Recyclables NA NA -0.79 NA -0.20

Note that totals may not add due to rounding and more digits may be displayed than are significant.
NA: Not applicable, or in the case of composting of paper, not analyzed.
! values for landfilling reflect projected national average methane recovery in year 2000.
2 Calculation is based on assuming zero net emissions for composting.

% Values are for mass burn facilities with national average rate of ferrous recovery.
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All of the exhibits presented so far in this report have expressed GHG emissions in units of
metric tons of carbon equivalent (MTCE), calculated as the sum of the individual gase€ Kk ®,0,
and PFCs) weighted by their global warming potential. In the Voluntary Reporting of Greenhouse Gases
Program, established by the Department of Energy’s Energy Information Administration (DOE/EIA),
reporters are asked to provide emission reductions for each of the individual gases. DOE/EIA is using
this approach because GWPs change as new scientific information becomes available, and at some point
in the future, the reported data may be used to develop a baseline of emission reductions. If the GWPs
change in the future, and if the weighted contributions of all gases were aggregated in the voluntary
reports, it would be difficult (and in many cases impossible) to adjust the estimated emission reductions
for the new GWPs.

For purposes of supporting participants in the DOE/EIA’s Voluntary Reporting of Greenhouse
Gases Program, we developed a set of emission factors, by gas. These provide incremental emissions for
a baseline of landfilling, and alternative scenarios of source reduction (Exhibit 8-7) and recycling
(Exhibit 8-8). The emission factors for G@&nd CH are specified in terms of three possible landfilling
baselines: no LFG recovery, LFG recovery with energy recovery, and national average landfill. The
exhibits are set up such that one obtains the appropriate factor for the material being source reduced or
recycled, and multiplies it by the tons that are diverted from landfilling to yield the emission reductions
for each gas. DOE/EIA provides detailed reporting instructions and forms, including a step-by-step
description of how to use the factors, on their web sibte@i/ www.eia.doe.gov/oiaf605/forms.html

* * * * *

We close with a final note about the limitations of the GHG emission estimates in this report. We
based our analysis on what we believed to be the best available data; where necessary, we made
assumptions that we believe are reasonable. However, the accuracy of the estimates is limited by the use
of these assumptions and by limitations in the data sources, as discussed throughout this report. Where
possible, the emission factors reported here can be improved by substituting process- or site-specific data
to increase the accuracy of the estimates (for example, a commercial firm with a large aluminum
recycling program may have better data on the specific fuel mix of its source of aluminum, and could
thus calculate a more exact value for the emission factor). Despite the uncertainty in the emission factors,
they provide a reasonable first approximation of the effects, from a GHG perspective, of solid waste
management, and we believe that they provide a sound basis for evaluating voluntary actions to reduce
GHG emissions in the waste management arena.

120



Exhibit 8-7
GHG Emission Reductions, by Gas, of Source Reduction
Relative to Landfilling*

(Metric Tons (MT) of Gas Per Short Ton of Product Source Reduced)

CO, Emissions
(MT/Ton of Product)

CH, Emissions

(MT/Ton of Product)

Relative to (a)
Landfills With
Relative to (a) LFG Recovery
Landfills Without and Flaring or
LFG Recovery Relative to (b) Landfills
or (b) Landfills | Landfills With Relative to | Relative to With LFG | Relative to the CF, CaFe
With LFG LFG Recovery | the National Landfills Recovery and National Emissions Emissions
Recovery and and Electricity Average Without LFG Electricity Average (MT/Ton of | (MT/Ton of
Waste Component Flaring Generation Landfill Recovery Generation Landfill Product) Product)
Newspaper -1.99 -1.86 -1.93 -0.043 -0.013 -0.027 0.000 0.000
Office Paper -3.60 -3.00 -3.30 -0.192 -0.050 -0.115 0.000 0.000
Corrugated Cardboard -2.02 -1.75 -1.89 -0.086 -0.023 -0.052 0.000 0.000
Mixed Paper (Broad) NA NA NA NA NA NA NA NA
Aluminum Cans -8.53 -8.53 -8.53 -0.014 -0.014 -0.014 -0.0003| -0.00003
Steel Cans -3.05 -3.05 -3.05 -0.002 -0.002 -0.002 0.000 0.000
Glass -0.54 -0.54 -0.54 -0.001 -0.001 -0.001 0.000 0.000
HDPE Containers -2.05 -2.05 -2.05 -0.010 -0.010 -0.010 0.000 0.000
LDPE Containers -3.03 -3.03 -3.03 -0.014 -0.014 -0.014 0.000 0.000
PET Containers -3.46 -3.46 -3.46 -0.008 -0.008 -0.008 0.000 0.000

Note that totals may not add due to rounding and more digits may be displayed than are significant.
NA: Not applicable, or in the case of composting of paper, not analyzed.
*Assuming Source Reduction displaces the current mix of virgin and recycled inputs in the manufacture of the material.
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Exhibit 8-8
GHG Emission Reductions, by Gas, of Recycling
Relative to Landfilling
(Metric Tons (MT) of Gas Per Short Ton of Product Recycled)

CO, Emissions

(MT/Ton of Product)

CH, Emissions

(MT/Ton of Product)

Relative to (a)
Landfills With
Relative to LFG
(a) Landfills | Relative to Recovery and
Without LFG |Landfills With Flaring or (b)
Recovery or LFG Landfills With
(b) Landfills | Recovery | Relative to | Relative to LFG Relative to CF, C,Fs
With LFG and the National Landfills |Recovery and| the National | Emissions Emissions
Recovery Electricity Average | Without LFG| Electricity Average (MT/Ton of | (MT/Ton of
Waste Component and Flaring | Generation Landfill Recovery Generation Landfill Product) Product)
Newspaper -1.86 -1.73 -1.79 -0.041 -0.011 -0.025 0.000 0.000
Office Paper -2.89 -2.29 -2.59 -0.190 -0.048 -0.113 0.000 0.000
Corrugated Cardboard -1.80 -1.53 -1.67 -0.084 -0.020 -0.047 0.000 0.000
Mixed Paper (Broad) -1.67 -1.38 -1.67 -0.091 -0.022 -0.049 0.000 0.000
Aluminum Cans -10.26 -10.26 -10.26 -0.015 -0.015 -0.015 0.000 0.000
Steel Cans -2.10 -2.10 -2.10 -0.002 -0.002 -0.002 0.000 0.000
Glass -0.33 -0.33 -0.33 0.000 0.000 0.000 0.000 0.000
HDPE Containers -1.18 -1.18 -1.18 -0.010 -0.010 -0.010 0.000 0.000
LDPE Containers -1.64 -1.64 -1.64 -0.010 -0.010 -0.010 0.000 0.000
PET Containers -2.18 -2.18 -2.18 -0.007 -0.007 -0.007 0.000 0.000

Note that totals may not add due to rounding and more digits may be displayed than are significant.
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