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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.

14



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
Aluminu