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Executive Summary

EXECUTIVE SUMMARY

INTRODUCTION

A life cycle inventory examines the sequence of steps in the life cycle of a
product system, beginning with raw material extraction and continuing on through
material production, product fabrication, use, reuse or recycling where applicable, and
final disposition. For each life cycle step, the inventory identifies and quantifies the
material inputs, energy consumption, and environmental emissions (atmospheric
emissions, waterborne wastes, and solid wastes). The information from this type of
analysis can be used as the basis for further study of the potential improvement of
resource use and environmental emissions associated with product systems. It can also
pinpoint areas (e.g., material components or processes) where changes would be most
beneficial in terms of reduced energy use or environmental emissions.

STUDY GOAL AND INTENDED USE

The goal of this study is to develop environmental profiles for the production and
end-of-life management of 9-inch disposable plates made from polystyrene foam and
coated paperboard. The results presented here for paperboard plates are intended for
benchmarking purposes only. Because this study was conducted without the direct
participation of the paperboard industry or paper plate producers, the plate results shown
in this study should not be used to represent specific brands of coated paperboard plates
available in the marketplace.

The primary intended use of the study results is to inform Pactiv about the
environmental burdens and tradeoffs associated with the two families of plates—plastic
foam and paper. A secondary intended use is public release of the study in its entirety.
This report will serve as the third-party report required under ISO 14044 section 5.2
when the results of a life cycle study are to be shared with anyone other than the study
commissioner and practitioner.

SYSTEMS STUDIED

The weights of plates evaluated in this analysis were provided by Pactiv for a
current foam plate manufactured by Pactiv and a representative coated paperboard plate
that competes in the marketplace with that foam plate. The following 9-inch plate
systems are analyzed in this study:

. Polystyrene (PS) foam plate
. Bleached paperboard plate with low density polyethylene (LDPE) coating
. Bleached paperboard plate with polystyrene coating.

Material consumption for 10,000 foam plates is shown below, together with the
weights of secondary packaging for the plates:

ES-1
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97 pounds of virgin resin

64.7 pound of reprocessed fabrication scrap
6.88 pounds of pentane blowing agent

1.72 pounds of carbon dioxide

1.72 pounds of talc

2.83 pound of LDPE film sleeves

15.4 pounds of corrugated boxes.

For the foam plate system, 172 pounds of process inputs produce 10,000 plates
weighing 103.2 pounds and 68.8 pounds of scrap. The scrap is processed to produce 64.7
pounds of material that are fed back into the front end of the process. The 1.72 pounds of
carbon dioxide inputs are released, and 2.39 Ib of isopentane released from the scrap
during reprocessing is captured and destroyed.

Coated paperboard plate systems are modeled with the following material usage
per 10,000 plates:

240.1 pounds of bleached paperboard

26.7 pounds of coating (either LDPE resin or PS resin)
0.99 pounds of LDPE film sleeves

8.63 pounds of corrugated boxes.

SCOPE AND BOUNDARIES

The LCI includes all steps in the production of each plate, from extraction of raw
materials through production of the finished plate, production of LDPE film sleeves and
corrugated boxes used to package the plates for shipment, and end-of-life management of
the plates and packaging.

In the U.S., municipal solid waste (MSW) that is not recovered for recycling or
composting is managed 80 percent by weight to landfill (LF) and 20 percent by weight to
waste-to-energy (WTE) incineration.! For material that is disposed by WTE combustion,
an energy credit is given based on the amount of each material burned, its heating value,
and the efficiency of converting the gross heat of combustion to useful energy.

The results also include estimates of carbon dioxide from WTE combustion of
materials, methane from decomposition of degradable landfilled material, emission
credits for avoided grid electricity displaced by electricity generated from WTE energy
and landfill gas combustion, and carbon sequestration in landfilled biomass-derived
material that does not decompose. The primary sources of information for modeling the
carbon footprint for landfilling and incineration were U.S. EPA reports containing

1 USs.EPA. Municipal Solid Waste Facts and Figures 2005. Accessible at
http://www.epa.gov/msw/msw99.htm.
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information on generation and management of landfill methane23, and a published article
on methane generation from decomposition of materials in simulated landfill conditions.4

FUNCTIONAL UNIT

In a life cycle study, products are compared on the basis of providing the same
defined function (called the functional unit). The function of a disposable plate is to hold
a serving of food for a single use application. According to data provided by Pactiv, the
strength-to-weight ratio of the foam plates is three times than that of the coated paper
plates. The present study compares a 4.68 gram foam plate with a 12.1 gram coated paper
plate. Thus, the two systems can be considered to be of comparable strength, with the
foam plate having a slightly higher strength.

DATA SOURCES

The following sources were used in the modeling of the plate systems:

Plate weights, thicknesses, strength data: Pactiv

. Foam plate composition, fabrication energy and emissions, and packaging:
Pactiv
. Coated paper plate composition, fabrication energy and wastes, and

packaging data: peer-reviewed PSPC study®

Production of PS and LDPE resin: U.S. LCI database®

Blowing agent production: peer-reviewed PSPC life cycle inventory study

Corrugated and LDPE film packaging: Franklin database updated in 2007

Production and combustion of fuels and U.S. average grid electricity used

for process and transportation energy in all processes: U.S. LCI database

o End-of-life modeling: U.S. EPA reports and Environmental Science and
Technology article cited earlier”.

2 U.S. EPA. Solid Waste Management and Greenhouse Gases: A Life-Cycle Assessment of
Emissions and Sinks. Third Edition. September 2006.
http://www.epa.gov/climatechange/wycd/waste/downloads/fullreport.pdf

3 U.S.EPA. Draft Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2006 (February
2008). Calculated from 2006 data in Table 8-4. Accessible at
http://www.epa.gov/climatechange/emissions/usinventoryreport.html.

4 Barlaz, Morton, et al. “Biodegradability of Municipal Solid Waste Components in Laboratory-Scale
Landfills.” Published in Environmental Science & Technology. Volume 31, Number 3, 1997.

5 “Life Cycle Inventory of Polystyrene Foam, Bleached Paperboard, and Corrugated Paperboard
Foodservice Products” conducted by Franklin Associates, Ltd. for the Polystyrene Packaging Council,
March 2006. Available at the American Chemistry Council website:
http://www.americanchemistry.com/s_plastics/sec_pfpg.asp?CID=1439&DID=5231.

6 Accessible to the public at www.nrel.gov/Ici.

7

Barlaz, et al.
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RESULTS

The presentation and discussion of results focuses on energy, solid waste, and
greenhouse gas emissions (total global warming potential expressed in carbon dioxide
equivalents). Tables and figures containing additional detail on each system, as well as
the full list of atmospheric and waterborne emissions for each system, are provided in
Chapter 2.

Interpretation of Results

An important issue with LCI results is whether two numbers are really different
from one another. If the error or variability in the data is sufficiently large, it cannot be
concluded that the two numbers are actually different. A statistical analysis that yields
clear numerical answers would be ideal, but LCI data, which are typically based on a
limited number of data sets for each unit process, are not suited to application of formal
statistics, which pertain to random samples from large populations that result in “normal
curve” distributions. However, based on sample statistical calculations (presented in
Appendix A of this report) and the professional judgment of the analysts, the following
guidance is provided for interpretation of LCI results presented in this report: In order for
two systems’ results to be considered significantly different, there must be a minimum
difference of 10 percent in results for energy or weight of postconsumer solid waste.
Uncertainty is higher for data on weight of industrial solid wastes, solid waste volumes,
and atmospheric and waterborne emissions, so a minimum difference of 25 percent is
required to consider systems significantly different for these results.8

Energy Results

Total energy results for each packaging system are shown in Figure ES-1,
classified into three categories:

o Process energy includes energy for all processes required to produce each
plate or packaging component, from acquisition of raw materials through
manufacture of plates and packaging, as well as operation of equipment
used in landfilling postconsumer plates and packaging.

. Transportation energy is the energy used to move material from location
to location during its journey from raw material to plate or packaging
component, and for collection and transport of postconsumer material.

8  The percent difference between system results is calculated as the difference between the two systems’
results divided by the average of the two systems’ results.
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. Energy of material resource (EMR) is not an expended energy but the
energy value of fuel resources withdrawn from the planet’s finite fossil
reserves and used as material inputs for materials such as plastic resins.
Use of fossil fuel resources as a material input removes fuel resources
from the energy pool; however, some of this energy remains in the plastic
material produced. In this study, energy of material resource is reported
for plastic resins and coatings derived from fossil fuels.

Figure ES-1 shows that total energy requirements for the foam plate system are
significantly lower than the alternative paperboard system. Energy of material resource
shown for the paperboard plate system is associated with the resin coating on the plates.
Plastic film sleeves used for packaging contribute a very small amount to the EMR for all
systems.

The energy requirements shown in Figure ES-1 reflect the total withdrawals from
the energy pool required to produce each plate system. However, not all of this energy is
actually expended. Some of the energy of material resource value remains in the fossil-
derived materials that are landfilled. Some energy is also recovered from upstream
processes and from WTE combustion of postconsumer materials and from WTE
combustion of landfill gas. Figure ES-2 shows the comparison of net energy consumption
and total energy requirements for each plate system. For all systems, the energy content
remaining in landfilled fossil resin (in the foam plates and in coatings on paperboard

plates) accounts for the largest share of the energy reduction.9

Figure ES-3 shows the breakdown of total energy requirements into fossil and
non-fossil categories. The fossil energy includes the use of petroleum, natural gas, and
coal as direct process fuels, as fuels used to generate electricity, as transportation fuels,
and as material feedstocks for the production of PS and LDPE resins in this analysis. This
figure does not include adjustments to fossil energy use for WTE combustion of
postconsumer fossil-derived plastics or the energy content remaining in fossil-derived
plastics landfilled at end of life.

Over 70 percent of the purchased electricity in the U.S. is generated from fossil
fuels. For the paper plate systems, about 40 percent of the total energy requirements are
from non-fossil sources. This is due in large part to the use of wood wastes as fuel in the
production of virgin bleached kraft paperboard.

9 This energy accounting approach is consistent with the U.S. EPA’s carbon accounting approach used
for fossil-derived plastics, described in the Global Warming Potential section.
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Million Btu/10,000 Plates + Packaging

Million Btu/10,000 Plates + Packaging

Figure ES-1. Total Energy by Category for Plate Systems
(10,000 Plates + Packaging)
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Figure ES-2. Comparison of Total and Net Energy Consumption for Plate Systems,
Excluding Biomass EMR (10,000 Plates + Packaging)
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Figure ES-3. Total Fossil and Non-Fossil Energy for Plate Systems
(10,000 Plates + Packaging)
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Solid Waste Results

Solid waste results are shown in two figures. Figure ES-4 shows the total weight
of solid waste separated into the following 3 categories:

o Process wastes are the solid wastes generated by the various processes
from raw material acquisition through production of plates and packaging.

. Fuel-related wastes are the wastes from the production and combustion
of fuels used for process energy and transportation energy.

o Postconsumer wastes are the plates and packaging components that are

landfilled at end of life (after adjustment for any recycling). This category
also includes any ash resulting from waste-to-energy combustion of plates
and packaging components.

Figure ES-5 shows the same results converted to a volume basis using landfill

densities that take into account not only the density of the material as put into the landfill
but also the degree to which the material compacts in the landfill.
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Figure ES-4. Total Weight of Solid Waste by Category for Plate Systems
(10,000 Plates + Packaging)
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Figure ES-5. Total Volume of Solid Waste by Category for Plate Systems
(10,000 Plates + Packaging)
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Both solid waste figures show that the majority of solid waste, whether reported
by weight or by volume, is associated with postconsumer plates and packaging. The
lower the landfill density, the more space the component takes up. For example, foam
plates have a lower landfill density than paperboard plates, so a pound of foam plates
takes up more landfill space than a pound of paperboard plates. Comparing the
postconsumer solid waste segments in Figures ES-4 and ES-5 shows how the lower
landfill density of foam plates results in a higher volume of postconsumer solid waste.
Figure ES-4 shows that the weight of postconsumer foam plates is significantly lower
than the weight of the corresponding number of paperboard plates; however, Figure ES-5
shows that there is no significant difference in the postconsumer volumes of equivalent
numbers of foam and paper plates.

Global Warming Potential

The primary three atmospheric emissions reported in this analysis that contribute
to global warming are fossil fuel-derived carbon dioxide, methane, and nitrous oxide.
Each greenhouse gas has a global warming potential (GWP) that represents the relative
global warming contribution of a pound of that particular greenhouse gas compared to a
pound of carbon dioxide. The weight of each greenhouse gas from each packaging
system is multiplied by its GWP, then the GWPs for each greenhouse gas are added to
arrive at a total GWP (expressed in pounds of CO; equivalents) for each packaging
system. Figure ES-6 shows the GWP contributions related to process emissions, fuel-
related emissions, and end-of-life management of plates and packaging, while Figure ES-
7 shows the overall net GWP. All CO, calculations, including GWP calculations for the
aggregated methane releases from decomposition of landfilled paper products, are based
on 100-year GWP factors published in the 2001 IPCC report?0,

The “Net End of Life” segment in Figure ES-6 includes estimates for the GWP
effects of end-of-life management of plates, including energy credits for useful energy
that is recovered from waste-to-energy combustion of postconsumer plates and packaging
and from waste-to-energy combustion of recovered landfill gas. The methodology and
data sources for these calculations are described in detail in the End-of-Life Management
section of Chapter 1. The end-of-life GWP results should be considered to have a higher
uncertainty than the process and fuel-related GWP results. However, some general
conclusions can be drawn. The overall effect of end-of-life management activities for
paperboard plates is a net increase in GWP.

10 Intergovernmental Panel on Climate Change. Climate Change 2001: The Scientific Basis. Table 4.1(a).
Accessible at http://www.grida.no/climate/ipcc_tar/wg1/130.htm.
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Figure ES-6. Total Global Warming Potential by Category for Plate Systems
(10,000 Plates + Packaging)
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For the foam plate system, PS does not decompose to produce methane in
landfills.11 Although PS has a high carbon content and does not decompose to produce
methane in landfills, no carbon sequestration credit is assigned to fossil-derived plastics.
This is consistent with the U.S. EPA greenhouse gas accounting methodology, which
treats landfilling of plastic as a transfer from one carbon stock (the oil field) to another
carbon stock (the landfill) with no net change in the overall amount of carbon stored.12

For the coated paperboard plates, methane emissions are released from
decomposition of the plates, and fossil CO2 is released from the resin coatings on the
plates when plates are burned in WTE combustion facilities. There are credits for carbon
sequestration in the undecomposed paperboard and credits for displacement of grid
electricity when energy is recovered from WTE combustion of landfill gas and from
WTE combustion of disposed postconsumer plates and packaging. Overall, the GWP of
the cumulative fugitive methane emissions from paperboard decomposition is greater
than the GWP credits for energy recovery and sequestration. It is important to recognize
that the landfill results estimated in this analysis represent the cumulative releases of

11 y.s. EPA. Solid Waste Management and Greenhouse Gases: A Life-Cycle Assessment of
Emissions and Sinks. Third Edition. September 2006. Page 79 of Chapter 6 Landfilling states
“Plastics, carpet, PCs, clay bricks, concrete, fly ash, and tires do not biodegrade measurably in
anaerobic conditions, and therefore do not generate any CH4.”

12 y.s. EPA. Solid Waste Management and Greenhouse Gases: A Life-Cycle Assessment of
Emissions and Sinks. Third Edition. September 2006. Page 6.
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methane, which will occur over a period of many years as the material slowly
decomposes anaerobically in the landfill.

The net GWP results for each system (process + fuel-related + end-of-life) are
shown in Figure ES-7. Overall, the GWP for paperboard plate systems is significantly
higher than for the foam plate system.

1,400

1,200

1,000

800

600

Pounds CO2 Equivalents/10,000 Plates + Packaging

Figure ES-7. Net Global Warming Potential for Plate Systems
(10,000 Plates + Packaging)

400 +

200 -

PS Foam LDPE Ppbd PS Ppbd

KEY OBSERVATIONS AND CONCLUSIONS

Energy: The total energy requirements for foam plates are lower than
energy requirements for the equivalent number of coated paperboard
plates. The percentage of fossil energy is higher for foam plates than for
paperboard plates, where wood wastes are a significant source of energy
for virgin paperboard production.

Net Energy: A significant portion of fossil EMR remains in fossil-derived
material that is sent to landfills for end-of-life management, both in foam
plates and in paperboard plate coatings. Some energy is also recovered
from postconsumer materials that are managed by WTE combustion, as
well as from WTE combustion of landfill gas produced from paperboard
decomposition.

Solid Waste: Postconsumer plates account for the largest share of solid
waste for each plate system. The foam plate system produces significantly
less weight of solid waste compared to paperboard plates. However,
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because of the low density of foam plates, the difference in solid waste
volume of postconsumer foam and paperboard plates is insignificant.

. Process and Fuel-related Global Warming Potential: The total process
and fuel-related GWP (excluding estimated end-of-life GWP) for the foam
plate system is significantly lower than for the paperboard plate systems.

. End-of-Life GWP Effects: The end-of-life GWP results presented here
should be considered as more uncertain than other emissions data. The
overall effect of the estimated GWP additions and credits from end-of-life
management is a net increase in GWP for both the foam and coated
paperboard plate systems.

. Influence of Product Weight on LCI Results: The majority of the
environmental burdens for producing each plate or packaging component
is from the production of the materials used. Material production burdens
are calculated as the product of the burdens per pound of material
multiplied by the pounds of material used in the plate system. Although
cradle-to-production burdens in an LCI tend to favor lighter products,
certain environmental results (e.g., energy recovery, carbon sequestration)
may favor products with greater mass. In this study, the weight of the
generic coated paperboard plate is 2.5 times the weight of the foam plate.
The weights of plates evaluated in this analysis were provided by Pactiv
for a current foam plate manufactured by Pactiv and a representative
coated paperboard plate that competes in the marketplace with that foam
plate. Many grades and weights of disposable plates are available in the
marketplace, and comparisons of plates with different weights may yield
different conclusions.
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CHAPTER 1
LIFE CYCLE METHODOLOGY

OVERVIEW

The life cycle inventory (LCI) presented in this study quantifies the total energy
requirements, energy sources, atmospheric pollutants, waterborne pollutants, and solid
waste resulting from the production and end-of-life management of two types of 9-inch
disposable plates and packaging.

This analysis does not include impact assessment. It does not attempt to determine
the fate of emissions, or the relative risk to humans or to the environment due to
emissions from the systems. (An exception is made in the case of global warming
potential impacts, which are calculated based on internationally accepted factors for
various greenhouse gases’ global warming potentials relative to carbon dioxide.) No
judgments are made as to the merit of obtaining natural resources from various sources,
for example, whether it is preferable to produce plates from fuel resources (petroleum-
derived plastics) or renewable resources (paperboard produced from trees).

A life cycle inventory quantifies the energy consumption and environmental
emissions (i.e., atmospheric emissions, waterborne emissions, and solid wastes) for a
given product based upon the study boundaries established. Figure 1-1 illustrates the
general approach used in a full LCI analysis.

Energy Energy Energy Energy Energy

' ! ' ! '

Final Disposition —
Raw Materials Materials Product Product Use Landfill,

Acquisition Manufacture Manufacture

or

Consumption Combustion, Recycle,

Product Recycling

Figure 1-1. General materials flow for "cradle-to-grave" analysis of aproduct system.
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Study Goal and Intended Use

This study was commissioned by Pactiv to inform them about the environmental
profiles of two types of 9-inch disposable plate systems. The primary purpose of the
analysis is to develop environmental profiles for PS foam plates and generic coated
paperboard plates. A secondary intended use is public release of the study in its entirety.
This report will serve as the third-party report required under ISO 14044 section 5.2
when the results of a life cycle study are to be shared with anyone other than the study
commissioner and practitioner.

The LCI has been conducted following internationally accepted standards for LCI
methodology.

Study Scope and Boundaries

This LCI encompasses the following steps in the life cycle of each packaging
system studied:

. Raw material extraction (e.g., extraction of petroleum and natural gas as
feedstocks for PS resin, harvesting of trees used for papermaking)

o Processing and fabrication steps to transform raw materials into plates

o Manufacture of materials used to package plates for retail shipment

o End-of-life management of plates and packaging.

The LCI quantifies energy and resource use, solid waste, and individual
atmospheric and waterborne emissions for the life cycle stages listed above. Because of
large uncertainties about the emissions resulting from WTE combustion of plates and
packaging and from decomposition of these materials in landfills, estimated results for
these processes are shown separately in the results tables. For WTE combustion of
system components and for combustion of landfill gas with energy recovery, an emission
credit is given for the equivalent amount of grid electricity displaced by the recovered
energy. More details on the approach used for estimating end of life emissions and credits
are provided at the end of this chapter in the section Methodological Decisions.

LIFE CYCLE INVENTORY METHODOLOGY

Key elements of the LCI methodology include the study boundaries, resource
inventory (raw materials and energy), emissions inventory (atmospheric, waterborne, and
solid waste), and disposal practices.

Franklin Associates developed a methodology for performing resource and
environmental profile analyses (REPA), commonly called life cycle inventories. This
methodology has been documented for the United States Environmental Protection
Agency and is incorporated in the EPA report Product Life-Cycle Assessment
Inventory Guidelines and Principles. The data presented in this report were developed
using this methodology, which has been in use for over 30 years.
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Figure 1-2 illustrates the basic approach to data development for each major
process in an LCI analysis. This approach provides the essential building blocks of data
used to construct a complete resource and environmental emissions inventory profile for
the entire life cycle of a product. Using this approach, each individual process included in
the study is examined as a closed system, or “black box”, by fully accounting for all
resource inputs and process outputs associated with that particular process. Resource
inputs accounted for in the LCI include raw materials and energy use, while process
outputs accounted for include products manufactured and environmental emissions to
land, air, and water.

Energy
Requirements

v

Manufacturing
Process

Raw Material A Product

>

Raw Material B Useful By-product A

Raw Material C Useful By-product B

>

Air Solid Waterborne
Emissions Wastes Emissions

Figure 1-2. "Black box" concept for developing LCI data.

For each process included in the study, resource requirements and environmental
emissions are determined and expressed in terms of a standard unit of output. A standard
unit of output is used as the basis for determining the total life cycle resource
requirements and environmental emissions of a product.

Material Requirements

Once the LCI study boundaries have been defined and the individual processes
identified, a material balance is performed for each individual process. This analysis
identifies and quantifies the input raw materials required per standard unit of output, such
as 1,000 pounds, for each individual process included in the LCI. The purpose of the
material balance is to determine the appropriate weight factors used in calculating the
total energy requirements and environmental emissions associated with each process
studied. Energy requirements and environmental emissions are determined for each
process and expressed in terms of the standard unit of output.
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Once the detailed material balance has been established for a standard unit of
output for each process included in the LCI, a comprehensive material balance for the
entire life cycle of each product system is constructed. This analysis determines the
quantity of materials required from each process to produce and dispose of the required
quantity of each system component and is typically illustrated as a flow chart. Data must
be gathered for each process shown in the flow diagram, and the weight relationships of
inputs and outputs for the various processes must be developed.

Energy Requirements

The average energy requirements for each process identified in the LCI are first
quantified in terms of fuel or electricity units, such as cubic feet of natural gas, gallons of
diesel fuel, or kilowatt-hours (kWh) of electricity. The fuel used to transport raw
materials to each process is included as a part of the LCI energy requirements.
Transportation energy requirements for each step in the life cycle are developed in the
conventional units of ton-miles by each transport mode (e.qg. truck, rail, barge, etc.).
Government statistical data for the average efficiency of each transportation mode are
used to convert from ton-miles to fuel consumption.

Once the fuel consumption for each industrial process and transportation step is
quantified, the fuel units are converted from their original units to an equivalent Btu value
based on standard conversion factors.

The conversion factors have been developed to account for the energy required to
extract, transport, and process the fuels and to account for the energy content of the fuels.
The energy to extract, transport, and process fuels into a usable form is labeled
precombustion energy. For electricity, precombustion energy calculations include
adjustments for the average efficiency of conversion of fuel to electricity and for
transmission losses in power lines based on national averages.

The LCI methodology assigns a fuel-energy equivalent to raw materials that are
derived from fossil fuels. Therefore, the total energy requirement for coal, natural gas, or
petroleum based materials includes the fuel-energy of the raw material (called energy of
material resource or inherent energy). In this study, this applies to the crude oil and
natural gas used to produce the plastic resins. No fuel-energy equivalent is assigned to
combustible materials, such as wood, that are not major fuel sources in North America.

The Btu values for fuels and electricity consumed in each industrial process are
summed and categorized into an energy profile according to the six basic energy sources
listed below:

Natural gas
Petroleum
Coal
Nuclear
Hydropower
Other
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The “other” category includes sources such as solar, biomass and geothermal
energy. Also included in the LCI energy profile are the Btu values for all transportation
steps and all fossil fuel-derived raw materials. Energy results for the packaging systems
studied in this analysis are provided in Chapter 2.

Environmental Emissions

Environmental emissions are categorized as atmospheric emissions, waterborne
emissions, and solid wastes and represent discharges into the environment after the
effluents pass through existing emission control devices. Similar to energy,
environmental emissions associated with processing fuels into usable forms are also
included in the inventory. When it is not possible to obtain actual industry emissions data,
published emissions standards are used as the basis for determining environmental
emissions.

The different categories of atmospheric and waterborne emissions are not totaled
in this LCI because it is widely recognized that various substances emitted to the air and
water differ greatly in their effect on the environment.

Atmospheric Emissions. These emissions include substances classified by
regulatory agencies as pollutants, as well as selected non-regulated emissions such as
carbon dioxide. For each process, atmospheric emissions associated with the combustion
of fuel for process or transportation energy, as well as any emissions released from the
process itself, are included in this LCI. The amounts reported represent actual discharges
into the atmosphere after the effluents pass through existing emission control devices.
Some of the more commonly reported atmospheric emissions are: carbon dioxide, carbon
monoxide, non-methane hydrocarbons, nitrogen oxides, particulates, and sulfur oxides.
The emissions results discussion in Chapter 2 focuses on greenhouse gas emissions,
expressed in pounds of carbon dioxide equivalents.

Waterborne Emissions. As with atmospheric emissions, waterborne emissions
include all substances classified as pollutants. The values reported are the average quantity
of pollutants still present in the wastewater stream after wastewater treatment and
represent discharges into receiving waters. This includes both process-related and fuel-
related waterborne emissions. Some of the most commonly reported waterborne emissions
are: acid, ammonia, biochemical oxygen demand (BOD), chemical oxygen demand
(COD), chromium, dissolved solids, iron, and suspended solids.

Solid Wastes. This category includes solid wastes generated from all sources that
are landfilled or disposed of in some other way, such as incineration with or without
energy recovery. These include industrial process- and fuel-related wastes, as well as the
packaging components that are disposed when a container of product is emptied.
Examples of industrial process wastes are residuals from chemical processes and
manufacturing scrap that is not recycled or sold. Examples of fuel-related solid wastes are
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ash generated by burning coal to produce electricity, or particulates from fuel combustion
that are collected in air pollution control devices.

LCI PRACTITIONER METHODOLOGY VARIATION

There is general consensus among life cycle practitioners on the fundamental
methodology for performing LClIs.13 However, for some specific aspects of life cycle
inventory, there is some minor variation in methodology used by experienced
practitioners. These areas include the method used to allocate energy requirements and
environmental releases among more than one useful product produced by a process, the
method used to account for the energy contained in material feedstocks, and the
methodology used to allocate environmental burdens for postconsumer recycled content
and end-of-life recovery of materials for recycling. LCI practitioners vary to some extent
in their approaches to these issues. The following sections describe the approach to each
issue used in this study.

Co-product Credit

One unique feature of life cycle inventories is that the quantification of inputs and
outputs are related to a specific amount of product from a process. However, it is
sometimes difficult or impossible to identify which inputs and outputs are associated with
individual products of interest resulting from a single process (or process sequence) that
produces multiple useful products. The practice of allocating inputs and outputs among
multiple products from a process is often referred to as “co-product credit”14 or
“partitioning”19,

Co-product credit is done out of necessity when raw materials and emissions
cannot be directly attributed to one of several product outputs from a system. It has long
been recognized that the practice of giving co-product credit is less desirable than being
able to identify which inputs lead to particular outputs. In this study, co-product
allocations are necessary because of multiple useful outputs from some of the “upstream”
chemical processes involved in producing the resins used to manufacture plastic
packaging components.

13 International Standards Organization. 1SO 14040:2006 Environmental management—Life cycle
assessment—Principles and framework, 1SO 14044:2006, Environmental management — Life cycle
assessment — Requirements and guidelines.

14 Hunt, Robert G., Sellers, Jere D., and Franklin, William E. Resource and Environmental Profile
Analysis: A Life Cycle Environmental Assessment for Products and Procedures. Environmental
Impact Assessment Review. 1992; 12:245-269.

15 Boustead, lan. Eco-balance Methodology for Commodity Thermoplastics. A report for The Centre
for Plastics in the Environment (PWMI). Brussels, Belgium. December, 1992.
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Franklin Associates follows the guidelines for allocating co-product credit shown
in the ISO 14044:2006 standard on life cycle assessment requirements and guidelines. In
this standard, the preferred hierarchy for handling allocation is (1) avoid allocation where
possible, (2) allocate flows based on direct physical relationships to product outputs, (3)
use some other relationship between elementary flows and product output. No single
allocation method is suitable for every scenario. How product allocation is made will
vary from one system to another but the choice of parameter is not arbitrary. 1ISO 14044
section 4.3.4.2 states “The inventory is based on material balances between input and
output. Allocation procedures should therefore approximate as much as possible such
fundamental input/output relationships and characteristics.”

Some processes lend themselves to physical allocation because they have physical
parameters that provide a good representation of the environmental burdens of each co-
product. Examples of various allocation methods are mass, stoichiometric, elemental,
reaction enthalpy, and economic allocation. Simple mass and enthalpy allocation have
been chosen as the common forms of allocation in this analysis. However, these
allocation methods were not chosen as a default choice, but made on a case by case basis
after due consideration of the chemistry and basis for production.

In the sequence of processes used to produce resins that are used in the plastic
foam plates, coatings for paperboard plates, and film sleeve used to package plates, some
processes produce material or energy co-products. When the co-product is heat or steam
or a co-product sold for use as a fuel, the energy content of the exported heat, steam, or
fuel is shown as an energy credit for that process. When the co-product is a material, the
process inputs and emissions are allocated to the primary product and co-product
material(s) on a mass basis. (Allocation based on economic value can also be used to
partition process burdens among useful co-products; however, this approach is less
preferred under ISO life cycle standards, as it depends on the economic market, which
can change dramatically over time depending on many factors unrelated to the chemical
and physical relationships between process inputs and outputs.)

Scrap from plate and packaging fabrication is treated as a co-product if it is
recycled, and treated as a waste if it is disposed. In other words, the plate system carries
no burdens for material inputs that end up as fabrication scrap that is recycled into some
other product. If the fabrication scrap is disposed, however, and does not end up in any
other use, then the burdens for producing and disposing of the scrap are assigned to the
plate system.

Energy of Material Resource

For some raw materials, such as petroleum, natural gas, and coal, the amount
consumed in all industrial applications as fuel far exceeds the amount consumed as raw
materials (feedstock) for products. The primary use of these materials in the marketplace
is for energy. The total amount of these materials can be viewed as an energy pool or
reserve. This concept is illustrated in Figure 1-3.
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The use of a certain amount of these materials as feedstocks for products, rather
than as fuels, removes that amount of material from the energy pool, thereby reducing the
amount of energy available for consumption. This use of available energy as feedstock is
called the energy of material resource (EMR) and is included in the inventory. The
energy of material resource represents the amount the energy pool is reduced by the
consumption of fuel materials as raw materials in products and is quantified in energy
units.

Total Resources

Energy Pool
(Fuel Resources)

s

Petroleum Natural Nuclear

Gas Material
Wood !!ﬁ“ i

Oleochemicals

Non-Fuel Resources

Figure 1-3. lllustration of the Energy of Material Resource Concept.

EMR is the energy content of the fuel materials input as raw materials or
feedstocks. EMR assigned to a material is not the energy value of the final product, but is
the energy value of the raw material at the point of extraction from its natural
environment. For fossil fuels, this definition is straightforward. For instance, petroleum is
extracted in the form of crude oil. Therefore, the EMR for petroleum is the higher heating
value of crude oil.

Once the feedstock is converted to a product, there is energy content that could be
recovered, for instance through combustion in a waste-to-energy waste disposal facility.
The energy that can be recovered in this manner is always somewhat less than the
feedstock energy because the steps to convert from a gas or liquid to a solid material
reduce the amount of energy left in the product itself.

The materials which are primarily used as fuels (but that can also be used as
material inputs) can change over time and with location. In the industrially developed
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countries, these materials are petroleum, natural gas, and coal. While some wood is
burned for energy, the primary uses for wood are for products such as paper and lumber.
It should be noted that the results in the Chapter 2 energy tables also include some
process energy derived from wood wastes at paper mills and some energy recovery from
WTE combustion of wood-derived paper plates, even though no energy of material
resource is included for wood under the energy of material resource accounting
methodology described here.

Recycling Methodology

In this analysis, corrugated boxes used for packaging plates are modeled as
containing postconsumer recycled content and as being recovered and recycled at end of
life. When material is used in one system and subsequently recovered, reprocessed, and
used in another application, there are different methods that can be used to allocate
environmental burdens among different useful lives of the material. Material production
and disposal burdens can be allocated over all the useful lives of the material, or
boundaries can be drawn between each successive useful life of the material.

In this analysis, burdens for the production and disposal of recycled material are
allocated among the useful lives of the material. Allocation is done using open-loop and
closed-loop modeling, as appropriate for each system studied. A true closed-loop system
is one in which material is used to manufacture a product, then the product is recovered at
the end of its life and recycled back into the same product, with the cycle repeating over
and over again. We use the term closed-loop here to describe repeated cycles of
fabrication/use/recycling of a material, regardless of whether the material is recycled into
the same or different products. When a material is recycled over and over again, the share
of virgin material production and disposal allocated to any one use of the material
becomes very small, and the dominant burdens are for postconsumer collection,
reprocessing, and fabrication.

Open-loop recycling describes a system in which the material in a product is
recovered and recycled a limited number of times before it is disposed. The most
common scenario is a product that is recovered and recycled into a second product that is
then disposed at the end of its life, for a total of two useful lives of the material. In this
case, material production, collection, reprocessing, and disposal burdens are allocated
between the two useful lives of the material.

Open-loop and closed-loop modeling of postconsumer corrugated containers is
based on paperboard industry statistics and national average recovery rates for corrugated
containers in municipal solid waste.

DATA
The accuracy of the study is directly related to the quality of input data. The

development of methodology for the collection of data is essential to obtaining quality
data. Careful adherence to that methodology determines not only data quality but also

1-9



Chapter 1 Life Cycle Methodology

objectivity. Data quality and uncertainty are discussed in more detail at the end of this
section.

Data necessary for conducting this analysis are separated into two categories:
process-related data and fuel-related data.

Process Data

Methodology for Collection/Verification. The process of gathering data is an
iterative one. The data-gathering process for each system begins with a literature search
to identify raw materials and processes necessary to produce the final product. The search
is then extended to identify the raw materials and processes used to produce these raw
materials. In this way, a flow diagram is systematically constructed to represent the
production pathway of each system.

Each process identified during the construction of the flow diagram is then
researched to identify potential industry sources for data. In this study, detailed data on
the material composition and fabrication of foam plastic plates was provided by Pactiv.
Composition and fabrication of paperboard plates was modeled based on data from the
peer-reviewed PSPC life cycle inventory study.

Confidentiality. Franklin Associates takes care to protect data that is considered
confidential by individual data providers. The data shown in this report for each plate
includes all steps from raw material acquisition through product fabrication.

Objectivity. Each unit process in the life cycle study is researched independently
of all other processes. No calculations are performed to link processes together with the
production of their raw materials until after data gathering and review are complete. This
allows objective review of individual data sets before their contribution to the overall life
cycle results has been determined. Also, because these data are reviewed individually,
assumptions are reviewed based on their relevance to the process rather than their effect
on the overall outcome of the study.

Data Sources. As stated in the Study Goal section, the intended purpose of the
study was to evaluate the environmental profiles of PS foam plates and coated
paperboard plates. The life cycle results were developed using the most up-to-date data
available.

Other than the plate weights, foam plate composition, and foam plate fabrication
data sets provided by Pactiv for this study, data sets for all other unit processes in this
study were taken from Franklin Associates’ United States industry average database. This
database has been developed over a period of years through research for many LCI
projects encompassing a wide variety of products and materials. Another advantage of
the database is that it is continually updated. For each ongoing LCI project, verification
and updating is carried out for the portions of the database that are accessed by that
project.
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Fuel Data

When fuels are used for process or transportation energy, there are energy and
emissions associated with the production and delivery of the fuels as well as the energy
and emissions released when the fuels are burned. Before each fuel is usable, it must be
mined, as in the case of coal or uranium, or extracted from the earth in some manner.
Further processing is often necessary before the fuel is usable. For example, coal is
crushed or pulverized and sometimes cleaned. Crude oil is refined to produce fuel oils,
and “wet” natural gas is processed to produce natural gas liquids for fuel or feedstock.

To distinguish between environmental emissions from the combustion of fuels
and emissions associated with the production of fuels, different terms are used to
describe the different emissions. The combustion products of fuels are defined as
combustion data. Energy consumption and emissions which result from the mining,
refining, and transportation of fuels are defined as precombustion data.
Precombustion data and combustion data together are referred to as fuel-related data.

Fuel-related data are developed for fuels that are burned directly in industrial
furnaces, boilers, and transport vehicles. Fuel-related data are also developed for the
production of electricity. These data are assembled into a database from which the energy
requirements and environmental emissions for the production and combustion of process
fuels are calculated.

Energy data are developed in the form of units of each primary fuel required per
unit of each fuel type. For electricity production, federal government statistical records
provided data for the amount of fuel required to produce electricity from each fuel
source, and the total amount of electricity generated from petroleum, natural gas, coal,
nuclear, hydropower, and other (solar, geothermal, etc.). Literature sources and federal
government statistical records provided data for the emissions resulting from the
combustion of fuels in utility boilers, industrial boilers, stationary equipment such as
pumps and compressors, and transportation equipment. Because electricity is required to
produce primary fuels, which are in turn used to generate electricity, a circular loop is
created. Iteration techniques are utilized to resolve this loop.

In 2003, Franklin Associates updated its fuels and energy database for inclusion
in the U.S. LCI database. This fuels and energy database, which is published in the U.S
LCI Database, is used in this analysis.

Data Quality Goals for This Study

ISO standard 14044:2006 states that “Data quality requirements shall be specified
to enable the goal and scope of the LCA to be met.” Data quality requirements listed
include time-related coverage, geographical coverage, technology coverage, and more.
The data quality goal for this study was to use data that most accurately represent the
production of current Pactiv PS foam plates. Data for all process and transportation fuels
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and data for the production of PS and LDPE resins were taken from the U.S. LCI
Database (www.nrel.gov/Ici). Other processes and materials in this study were modeled
based on Franklin Associates’ LCI database or publicly available data sources. The
quality of individual data sets vary in terms of age, representativeness, measured values
or estimates, etc.; however, all materials and process data sets used in this study were
thoroughly reviewed for accuracy and currency and updated to the best of our capabilities
for this analysis.

Data Accuracy

An important issue to consider when using LCI study results is the reliability of
the data. In a complex study with literally thousands of numeric entries, the accuracy of
the data and how it affects conclusions is truly a complex subject, and one that does not
lend itself to standard error analysis techniques. Techniques such as Monte Carlo analysis
can be used to study uncertainty, but the greatest challenge is the lack of uncertainty data
or probability distributions for key parameters, which are often only available as single
point estimates. However, the reliability of the study can be assessed in other ways.

A key question is whether the LCI profiles are accurate and study conclusions are
correct. The accuracy of an environmental profile depends on the accuracy of the
numbers that are combined to arrive at that conclusion. Because of the many processes
required to produce each plate or packaging material, many numbers in the LCI are added
together for a total numeric result. Each number by itself may contribute little to the total,
so the accuracy of each number by itself has a small effect on the overall accuracy of the
total. There is no widely accepted analytical method for assessing the accuracy of each
number to any degree of confidence. For many chemical processes, the data sets are
based on actual plant data reported by plant personnel. The data reported may represent
operations for the previous year or may be representative of engineering and/or
accounting methods. All data received are evaluated to determine whether or not they are
representative of the typical industry practices for that operation or process being
evaluated. Taking into consideration budget considerations and limited industry
participation, the data used in this report are believed to be the best that can be currently
obtained.

There are several other important points with regard to data accuracy. Each
number generally contributes a small part to the total value, so a large error in one data
point does not necessarily create a problem. For process steps that make a larger than
average contribution to the total, special care is taken with the data quality.

There is another dimension to the reliability of the data. Certain numbers do not
stand alone, but rather affect several numbers in the system. An example is the amount of
material required for a process. This number will affect every step in the production
sequence prior to the process. Errors such as this that propagate throughout the system
are more significant in steps that are closest to the end of the production sequence. For
example, changing the weight of an input to the final fabrication step for a plastic
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component changes the amounts of resin inputs to that process, and so on back to the
quantities of crude oil and natural gas extracted.

In summary, for the particular data sources used and for the specific methodology
described in this report, the results of this report are believed to be as accurate and
reasonable as possible. The following section on End of Life Management discusses the
uncertainty of the estimates of global warming potential resulting from landfilling and
WTE combustion of postconsumer plates and packaging.

The results discussions in Chapter 2 present guidelines for considering differences
between system results to be meaningful (greater than the margin of error/uncertainty of
the data). Appendix A presents sample statistical calculations that support these
guidelines.

METHODOLOGY ISSUES

The following sections discuss how several key methodological issues are
handled in this study.

Precombustion Energy and Emissions

The energy content of fuels has been adjusted to include the energy requirements
for extracting, processing, and transporting fuels, in addition to the primary energy of a
fuel resulting from its combustion. In this study, this additional energy is called
precombustion energy. Precombustion energy refers to all the energy that must be
expended to prepare and deliver the primary fuel. Adjustments for losses during
transmission, spills, leaks, exploration, and drilling/mining operations are incorporated
into the calculation of precombustion energy.

Precombustion environmental emissions (air, waterborne, and solid waste) are
also associated with the acquisition, processing, and transportation of the primary fuel.
These precombustion emissions are added to the emissions resulting from the burning of
the fuels.

Electricity Grid Fuel Profile

In general, detailed data do not exist on the fuels used to generate the electricity
consumed by each industry. Electricity production and distribution systems in the United
States are interlinked and are not easily separated. Users of electricity, in general, cannot
specify the fuels used to produce their share of the electric power grid. Therefore, the
United States national average fuel consumption by electrical utilities is used.
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METHODOLOGICAL DECISIONS

Some general decisions are always necessary to limit a study such as this to a
reasonable scope. It is important to understand these decisions. The key assumptions and
limitations for this study are discussed in the following sections.

Geographic Scope

Data for foreign processes are generally not available. This is usually only a
consideration for the production of oil that is obtained from overseas. In cases such as
this, the energy requirements and emissions are assumed to be the same as if the materials
originated in the United States. Since foreign standards and regulations vary from those
of the United States, it is acknowledged that this assumption may introduce some error.
Transportation of crude oil used for petroleum fuels and plastic resins is modeled based
on the current mix of domestic and imported crude oil used.

End of Life Management

In the U.S., municipal solid waste (MSW) that is not recovered for recycling or
composting is managed 80 percent by weight to landfill (LF) and 20 percent by weight to
waste-to-energy (WTE) incineration.16 Thus, the calculations of the GWP impacts for
discarded plates and packaging are based on a scenario in which 80 percent of the
postconsumer plates and packaging goes to landfill and 20 percent to WTE combustion.

In this study, estimates of the end results of landfilling and WTE combustion are
limited to global warming potential effects. There are GWP contributions from WTE
combustion of postconsumer plates and packaging and from fugitive emissions of landfill
methane from decomposition of paperboard plates and corrugated packaging. There are
also GWP credits for grid electricity displaced by the generation of electricity from WTE
combustion of postconsumer plates and packaging and from WTE combustion of
methane recovered from decomposition of landfilled plates and packaging. Some carbon
is also sequestered in the biomass-derived plates and packaging that do not decompose.
The U.S. EPA greenhouse gas accounting methodology does not assign a carbon
sequestration credit to landfilling of fossil-derived materials because this is considered a
transfer between carbon stocks (from oil deposit to landfill) with no net change in the
overall amount of carbon stored.17

In this study, decomposition of landfilled paperboard plates and corrugated
packaging is modeled based on the maximum decomposition of paper and paperboard

16 y.s.EPA. Municipal Solid Waste Facts and Figures 2005. Accessible at
http://www.epa.gov/msw/msw99.htm.

17 u.s. EPA. Solid Waste Management and Greenhouse Gases: A Life-Cycle Assessment of
Emissions and Sinks. Third Edition. September 2006. Section 1.3, subsection Carbon Stocks, Carbon
Storage, and Carbon Sequestration. Page 6.
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materials in landfill simulation experiments conducted by Dr. Morton Barlaz, et al.18 The
landfill simulation experiments conducted by Dr. Barlaz analyzed decomposition of
office paper, clay-coated magazine paper, newspaper, and corrugated. Plastic-coated
paperboard foodservice items were not included in the simulated landfill experiments.
This analysis uses experimental data on office paper to estimate decomposition of the
bleached paperboard content of the paper plate. It is likely that the coating on the plates
will delay or significantly inhibit decomposition of the paper. Because of the potential
effect of the plastic coating, and because the landfill simulation experiments were
designed to maximize decomposition, the estimates presented here should be considered
an upper limit for landfill gas generation from decomposition of paperboard plates and
corrugated packaging. Alternative results for modeling a lesser degree of decomposition
are shown in the end-of-life sensitivity analysis in Chapter 2.

Decomposition of coated magazine paper is an alternative surrogate from the
Barlaz study that could be used for modeling decomposition of the coated paperboard
plate; however, there are several important differences between coated magazine paper
and coated paperboard plates: (1) magazine paper contains some groundwood pulp,
which has a higher degree of lignin than foodservice paperboard, (2) the magazine paper
coating is clay, compared to resin coatings used on the paper plate, and (3) approximately
1/3 of the weight of the coated magazine paper is coating, compared to a coating weight
of 10 percent modeled for the coated plates. Alternative results for modeling
decomposition of the paperboard content in the plates based on decomposition of the
paper content of clay-coated magazine paper are shown in the end-of-life sensitivity
analysis in Chapter 2.

For paper and paperboard materials, the cellulose and hemicellulose fractions of
the material decompose to some extent, while the lignin fraction of the material tends to
decompose to a much lesser extent under anaerobic conditions. Thus, the potentially
degradable carbon content of the landfilled material is based on its cellulose and
hemicellulose content. Based on the cellulose, hemicellulose, and lignin percentages in
each material, and the carbon content of each fraction, the total carbon content of
bleached office paper is calculated as 44.1 percent by weight (42.6 percent potentially
degradable carbon in the cellulose and hemicellulose fractions, 1.5 percent carbon in
lignin). The total carbon content of corrugated is calculated as 43.2 percent (29.9 percent
potentially degradable, 13.3 percent in lignin), and the total carbon content of clay-coated
magazine paper is 32.6 percent by weight (23.1 percent potentially degradable, 9.6
percent in lignin). It should be noted that the overall biomass carbon content percentages
for the coated magazine paper reflect a composition that is about 2/3 by weight paper and
1/3 coatings and fillers. For the paper fraction of the coated magazine paper, the carbon
content is calculated as 48.9 percent biomass carbon by weight (34.6 percent potentially
degradable, 14.3 percent in lignin).

18 Barlaz, Morton, et al. “Biodegradability of Municipal Solid Waste Components in Laboratory-Scale
Landfills.” Published in Environmental Science & Technology. Volume 31, Number 3, 1997.
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In the Barlaz experiments, the following conditions were used to simulate
enhanced decomposition in a landfill: addition of a seed of well-decomposed refuse to
help initiate decomposition, incubation at about 40°C, and leachate recycling and
neutralization. The maximum degree of decomposition for the cellulose and
hemicellulose fractions of office paper was 98 percent and 86 percent, respectively. In the
corrugated samples, the degree of decomposition was 64 percent for the cellulose and 62
percent for the hemicellulose. For clay-coated magazine paper, decomposition of the
cellulose was 46 percent, and 42 percent for the hemicellulose. Overall, 41 percent by
weight of the office paper, 19 percent by weight of the corrugated, and 10 percent by
weight of the coated magazine paper degraded to produce CO, and methane. (For the
coated magazine paper, the overall percent degradation of the paper content of the coated
paper, excluding the weight of the coating, was 15.6 percent.) The remaining biomass
carbon content of each material did not degrade.

The composition of landfill gas as generated is approximately 50 percent by
volume methane and 50 percent by volume CO,. Currently, about 53 percent of methane
generated from solid waste landfills is converted to CO, before it is released to the
environment. Twenty-three percent is flared, 25 percent is burned with energy recovery,
and about 5 percent is oxidized as it travels through the landfill cover.1® Biomass CO,
released from decomposition of paper products or from oxidation of biomass-derived
methane to CO, is considered carbon neutral, as the CO; released represents a return to
the environment of the carbon taken up as CO; during the plant’s growth cycle and does
not result in a net increase in atmospheric CO,. Thus, biomass-derived CO; is not
included in the GHG results shown in this analysis. Methane releases to the environment
from anaerobic decomposition of biomass are not considered carbon neutral, however,
since these releases resulting from human intervention have a higher global warming
potential (GWP) than the CO, taken up or released during the natural carbon cycle.

The U.S. EPA’s Landfill Methane Outreach Program (LMOP) Landfill
Database20 indicates that the majority of landfill gas burned with energy recovery is used
to produce electricity. The gross energy recovered from combustion of LF gas from each
material is converted to displaced quantities of grid electricity using an efficiency factor
of 1 kWh generated per 11,700 Btu of LF gas burned.21 Each plate system is credited
with avoiding the GWP associated with production of the offset quantity of grid
electricity.

For the carbon that remains fixed in the landfilled biomass-derived material (e.g.,
in the undecomposed portion of the paper plate and corrugated packaging), a

19 U.s. EPA. Draft Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2006 (February
2008). Calculated from 2006 data in Table 8-4. Accessible at
http://www.epa.gov/climatechange/emissions/usinventoryreport.html.

20 Operational LFG energy projects spreadsheet, sorted by LFGE utilization type and project type.
Accessible at http://www.epa.gov/Imop/proj/#1.

21 | MOP Benefits Calculator. Calculations and References tab. Accessible at
http://www.epa.gov/Imop/res/Ifge benefitscalc.xls

1-16


http://www.epa.gov/climatechange/emissions/usinventoryreport.html
http://www.epa.gov/lmop/proj/#1
http://www.epa.gov/lmop/res/lfge_benefitscalc.xls

Chapter 1 Life Cycle Methodology

sequestration credit is given for the equivalent pounds of CO, that the sequestered carbon
could produce.

Waste-to-energy combustion of postconsumer material is modeled using a similar
approach to the landfill gas combustion credit. However, for WTE combustion of plates
and packaging, the CO; releases are modeled based on the total carbon content of the
material oxidizing to CO,. For combustion of paperboard, the CO, produced is
considered carbon-neutral biomass CO,, while the CO, from combustion of PS resin and
paperboard plate coatings is fossil CO,.

The gross heat produced from WTE combustion is calculated based on the pounds
of material burned and the higher heating value of the material. The heat is converted to
kWh of electricity using a conversion efficiency of 1 kWh per 19,120 Btu for mass burn
facilities?2, and a credit is given for avoiding the GWP associated with producing the
equivalent amount of grid electricity.

The net end-of-life GWP for each plate system is calculated by summing the
individual impacts and credits described above, based on 80 percent landfill and 20
percent WTE combustion of the postconsumer plates and packaging.

Limitations of End-of-Life Modeling Approach. As noted, the landfill methane
calculations in this analysis are based on the aggregated emissions of methane that may
result from decomposition of the degradable carbon content of the landfilled material.
The long time frame over which those emissions occur has implications that result in
additional uncertainties for the landfill methane GWP estimates.

o In this analysis, the management of the aggregated landfill methane
emissions is modeled based on current percentages of flaring, WTE
combustion, and uncaptured releases. Over time, it is likely that efforts to
mitigate global warming will result in increased efforts to capture and
combust landfill methane. Combustion of biomass-derived methane
converts the carbon back to CO,, neutralizing the net global warming
impact. In addition, if the combustion energy is recovered and used to
produce electricity, there would be GWP credits for displacing grid
electricity. With increased future capture and combustion of landfill
methane, the future net effect of landfill methane could gradually shift
from a negative impact to a net credit. Chapter 2 contains some sensitivity
analysis to evaluate the potential effects of increased landfill gas capture
and destruction.

22 .. EPA. Solid Waste Management and Greenhouse Gases: A Life-Cycle Assessment of
Emissions and Sinks. Third Edition. September 2006. Chapter 5 Combustion, section 5.1.5.
Calculation is based on 550 kWh produced per ton of MSW burned, with a heat value of 5,000 Btu per
pound of MSW. For mass burn facilities, 523 kWh of electricity are delivered per 550 kWh generated.
Full report and individual chapters of the report are accessible at
http://www.epa.gov/climatechange/wycd/waste/SWMGHGreport.html.
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. Although the landfill methane releases occur gradually over many years,
the modeling approach used here models the impacts of the aggregated
emissions using 100-year global warming potentials. This is consistent
with the use of 100-year global warming potentials used for all other life
cycle greenhouse gas emissions. Future refinements to end-of-life
modeling may include time-scale modeling of landfill methane emissions;
however, this is not part of the current study.

System Components Not Included
The following components of each system are not included in this LCI study:

Water Use. Because of the lack of availability of good data on water use for raw
material and intermediate unit processes, Franklin Associates’ LCI database does not
currently include water use.

Capital Equipment. The energy and wastes associated with the manufacture of
capital equipment are not included. This includes equipment to manufacture buildings,
motor vehicles, and industrial machinery. The energy and emissions associated with such
capital equipment generally, for 1,000 pounds of materials, become negligible when
averaged over the millions of pounds of product manufactured over the useful lifetime of
the capital equipment.

Space Conditioning. The fuels and power consumed to heat, cool, and light
manufacturing establishments are omitted from the calculations in most cases. For
manufacturing plants that carry out thermal processing or otherwise consume large
amounts of energy, space conditioning energy is quite low compared to process energy.
Energy consumed for space conditioning is usually less than one percent of the total energy
consumption for the manufacturing process. This assumption has been checked in the past
by Franklin Associates staff using confidential data from manufacturing plants. The data
collection forms developed for this project specifically requested that the data provider
exclude energy use for space conditioning, or indicate if the reported energy requirements
included space conditioning.

Support Personnel Requirements. The energy and wastes associated with
research and development, sales, and administrative personnel or related activities have
not been included in this study. Similar to space conditioning, energy requirements and
related emissions are assumed to be quite small for support personnel activities.

Miscellaneous Materials and Additives. Selected materials such as catalysts,
pigments, or other additives which total less than one percent by weight of the net process
inputs are typically not included in the assessment. Omitting miscellaneous materials and
additives helps keep the scope of the study focused and manageable within budget and
time constraints. However, it is possible that some toxic emissions may be released from
the production of these materials and additives.
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CHAPTER 2
LCI RESULTS FOR PLATE SYSTEMS

INTRODUCTION

A life cycle inventory examines the sequence of steps in the life cycle of a
product system, beginning with raw material extraction and continuing on through
material production, product fabrication, use, reuse or recycling where applicable, and
final disposition. For each life cycle step, the inventory identifies and quantifies the
material inputs, energy consumption, and environmental emissions (atmospheric
emissions, waterborne wastes, and solid wastes). The information from this type of
analysis can be used as the basis for further study of the potential improvement of
resource use and environmental emissions associated with product systems. It can also
pinpoint areas (e.g., material components or processes) where changes would be most
beneficial in terms of reduced energy use or environmental emissions.

STUDY GOAL AND INTENDED USE

The goal of this study is to develop environmental profiles for the production and
end-of-life management of 9-inch disposable plates made from polystyrene foam and
coated paperboard. The results presented here for paperboard plates are intended for
benchmarking purposes only. Because this study was conducted without the direct
participation of the paperboard industry or paper plate producers, the plate results shown
in this study should not be used to represent specific brands of coated paperboard plates
available in the marketplace.

The primary intended use of the study results is to inform Pactiv about the
environmental burdens and tradeoffs associated with the two families of plates—plastic
foam and paper. A secondary intended use is public release of the study in its entirety.
This report will serve as the third-party report required under ISO 14044 section 5.2
when the results of a life cycle study are to be shared with anyone other than the study
commissioner and practitioner.

The LCI has been conducted following internationally accepted standards for LCI
methodology.

SCOPE AND BOUNDARIES

This LCI encompasses the following steps in the life cycle of each packaging
system studied:
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. Raw material extraction (e.g., extraction of petroleum and natural gas as
feedstocks for PS resin, harvesting of trees used for papermaking)
Processing and fabrication steps to transform raw materials into plates

o Manufacture of materials used to package plates for retail shipment
End-of-life management of plates and packaging.

Transportation of plates from manufacturing site to retail is not included.

End-of-life management options considered for all plate systems include
landfilling and waste-to-energy combustion. According to recent U.S. EPA Municipal
Solid Waste Facts and Figures reports, approximately 80 percent by weight of municipal
solid waste that is not recovered for recycling or composting is managed by landfill and
the other 20 percent by weight is managed by waste-to-energy (WTE) combustion.

The results include estimates of carbon dioxide from WTE combustion of
postconsumer plates and packaging, methane from decomposition of landfilled
postconsumer material, emission credits for avoided grid electricity displaced by
electricity generated from WTE combustion and landfill gas combustion, and carbon
sequestration in landfilled biomass-derived material that does not decompose.

FUNCTIONAL UNIT

In a life cycle study, products are compared on the basis of providing the same
defined function (called the functional unit). The function of a disposable plate is to hold
a serving of food for a single use application. According to data provided by Pactiv, the
strength-to-weight ratio of the foam plates is three times than that of the coated paper
plates. The present study compares a 4.68 gram foam plate with a 12.1 gram coated paper
plate. Thus, the two systems can be considered to be of comparable strength, with the
foam plate having a slightly higher strength.

SYSTEMS STUDIED
The following 9-inch plate systems are analyzed in this study:

. Polystyrene (PS) foam plate
. Bleached paperboard plate with LDPE coating
. Bleached paperboard plate with polystyrene coating.

The weights of plates evaluated in this analysis were provided by Pactiv for a
current foam plate manufactured by Pactiv and a representative coated paperboard plate
that competes in the marketplace with that foam plate.

The foam plates are modeled as weighing 4.68 grams each, or 103.2 pounds per

10,000 plates. In addition to 97 pounds of PS resin, the plates are produced with 6.88
pounds of pentane blowing agent, 1.72 pounds of carbon dioxide, and 1.72 pounds of
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talc. The carbon dioxide and 2.39 pounds of blowing agent are released during the plate
manufacturing process.

The bleached paperboard plates are modeled as weighing 12.1 grams each, or
266.8 pounds per 10,000 plates, using weight data provided by Pactiv. The coating is
modeled as 10 percent of the weight of the plate, based on a peer-reviewed life cycle
inventory study of foodservice products23. Information on the specific composition of the
coating was not available, so two options are modeled, LDPE and polystyrene. LDPE is a
common resin used for coating paperboard foodservice products. Polystyrene resin was
also modeled as an alternative coating, based on information provided by Pactiv
indicating that tests of coated paper plate samples showed styrene and acrylate ester.

Secondary packaging for all foam plates is modeled as 2.83 pounds of LDPE film
sleeves and 15.4 pounds of corrugated boxes per 10,000 plates, based on packaging
weights provided by Pactiv for cases of foam plates (0.34 pounds of film sleeves and 1.85
pounds of corrugated per case of 1200 foam plates). Because foamed products are thicker
than coated paperboard products, the height of a stack of foam plates is greater than the
stacked height of an equivalent number of paperboard plates. Therefore, a box of the
same size and weight can hold a greater number of paperboard plates. For coated
paperboard plates, the weights of secondary packaging per 10,000 plates are modeled
using the Pactiv foam plate packaging weights multiplied by the ratios of the thicknesses
of paperboard and foam plates reported by Pactiv (0.0138 inches per paperboard plate
and 0.0657 inches per foam plate). The resulting secondary packaging weights for 10,000
coated paperboard plates are 3.24 pounds of corrugated boxes and 0.60 pounds of film
sleeves.

RESULTS

The presentation and discussion of results focuses on energy, solid waste, and
greenhouse gas emissions (global warming potential). Tables containing the full list of
atmospheric and waterborne emissions for each system are provided at the end of the
chapter, but individual emissions are not discussed in depth.

Energy Results

Based on the uncertainty in the energy data, energy differences between systems
are not considered meaningful unless the percent difference between systems is greater
than 10 percent. (Percent difference between systems is defined as the difference between
energy totals divided by the average of the two system totals.) This minimum percent
difference criterion was developed based on the experience and professional judgment of
the analysts and supported by sample statistical calculations (see Appendix A).

23 “Life Cycle Inventory of Polystyrene Foam, Bleached Paperboard, and Corrugated Paperboard
Foodservice Products” conducted by Franklin Associates, Ltd. for the Polystyrene Packaging Council,
March 2006. Available at the American Chemistry Council website:
http://www.americanchemistry.com/s_plastics/sec_pfpg.asp?CID=1439&DID=5231.
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The energy shown in all the tables includes not only the energy directly used or
consumed in process and transportation steps, but also precombustion energy (the energy
used to extract and process fuels used for process energy and transportation energy), and
the energy content of fuel resources used as material inputs for production of plastic
resins and coatings.

Total Energy by Category. Table 2-1 presents total energy results for each
system broken out into the categories of process energy, transportation energy, and
energy of material resource (EMR). Energy results by category are shown in Figure 2-1.

Table 2-1. Total Energy Results by Category
(Million Btu per 10,000 Plates + Packaging)

Fossil

Process Transp EMR Total
Polystyrene Foam
Plate 2.31 0.12 2.46 4.89
Packaging 0.20 0.011 0.069 0.28
Disposal 0.010 0.038 0 0.049
Total 2.52 0.17 2.53 5.22
Percent by Category 48.3% 3.3% 48.4%
LDPE-Coated Paperboard
Plate 6.03 0.14 0.64 6.81
Packaging 0.043 0.0023 0.015 0.059
Disposal 0.0087 0.037 0 0.046
Total 6.08 0.18 0.65 6.91
Percent by Category 88.0% 2.6% 9.4%
PS-Coated Paperboard
Plate 6.17 0.15 0.63 6.95
Packaging 0.043 0.0023 0.015 0.059
Disposal 0.0087 0.037 0 0.046
Total 6.22 0.19 0.65 7.06
Percent by Category 88.1% 2.7% 9.2%

The category of process energy includes totals for all processes required to
produce each plate or packaging component, from acquisition of raw materials through
manufacture of plates and packaging, as well as operation of equipment used in
landfilling postconsumer plates and packaging. Transportation energy is the energy
used to move material from location to location during its journey from raw material to
finished product, and for collection and transport of postconsumer material. Energy of
material resource (EMR) is not an expended energy but an energy accounting used by
Franklin Associates to account for the energy value of fuel resources withdrawn from the
planet’s finite fossil reserves and used as material inputs for materials such as plastic
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Figure 2-1. Total Energy by Category for Plate Systems
(10,000 Plates + Packaging)

B Energy of Material Resource (Fossil Only)

7 -+ OTransportation

W Process

Million Btu/10,000 Plates + Packaging
N

PS Foam LDPE Ppbd PS Ppbd

resins. Use of fossil fuel resources as a material input removes fuel resources from the
energy pool; however, some of this energy remains in the plastic material produced and
can potentially be recovered depending on the ultimate fate of the material.

Although the results in the Chapter 2 energy tables include some process energy
derived from wood wastes at paper mills and some energy recovery from WTE
combustion of wood-derived paper plates, it should be noted that no energy of material
resource is included for wood under the energy of material resource accounting
methodology described here.

EMR can be considered an energy “investment” in the fossil-derived material.
While some of the energy is lost in the process of converting the raw materials into
plastic resin, some of the energy remains in the material. Energy can be recovered
through WTE combustion of the material at the end of its useful life, or the energy
content of the material can go with it into a landfill. (Energy of material resource is
described in more detail in Chapter 1). EMR accounts for nearly half of total energy for
the PS foam plate system. For the paperboard plates, EMR associated with coatings
represents less than 10 percent of total energy. EMR associated with film packaging
sleeves contributes a small amount to overall energy for both the foam and paperboard
plate results. The contribution of film is greater for the foam systems, which use more
film due to the greater thickness (and thus stacking height) of the foam plates.

2-5



Chapter 2 LCI Results for Plate Systems

Transportation energy is small, representing less than 5 percent of total energy
requirements for all plate systems. End of life transportation energy is for collecting
postconsumer material and transporting it to a recycler, landfill, or WTE combustion
facility. The remainder of the energy for each packaging system is process energy. For
the coated paperboard systems, process energy accounts for about 88 percent of the total
energy requirements. Process energy for the foam plate system is 48 percent of the total
energy. Total energy requirements for the foam plate system are significantly lower than
that for the coated paperboard plate system.

Net Energy. The energy requirements shown in Table 2-1 reflect the total
withdrawals from the energy pool required to produce each plate system. However, not
all of this energy is actually expended. Table 2-2 details the adjustments to the total
energy used to determine the net energy consumption for each plate system. Energy of
material resource plays a key role in the energy accounting for fossil-derived plastic
resins.

Table 2-2. Net Energy Results
(Million Btu per 10,000 Plates + Packaging)

Energy Content
Total Energy of Fossil
(no EMR for Material Expended Resin Energy WTE & LF Net Energy Net %
biomass) Landfilled* Energy Credits Gas Credit Consumption of Total

Polystyrene Foam
Plate 4.89 (1.39) 3.50 (0.29) (0.06) 3.15
Packaging 0.28 (0.05) 0.24 (0.01) (0.004) 0.23
Disposal 0.05 0.05 0.05
Total 5.22 (1.44) 3.79 (0.29) (0.07) 3.43 66%
LDPE-Coated Paperboard
Plate 6.81 (0.43) 6.38 (0.05) (0.17) 6.16
Packaging 0.06 (0.01) 0.05 (0.001) (0.001) 0.05
Disposal 0.05 0.05 0.05
Total 6.91 (0.44) 6.48 (0.05) 0.17) 6.25 90%
PS-Coated Paperboard
Plate 6.95 (0.38) 6.57 (0.08) (0.17) 6.32
Packaging 0.06 (0.01) 0.05 (0.001) (0.001) 0.05
Disposal 0.05 0.05 0.05
Total 7.06 (0.39) 6.67 (0.08) (0.17) 6.42 91%

* Represents amount of fossil energy of material resource from Table 2-1 that remains in landfilled fossil-derived resins. This is
calculated as the higher heating value of each resin multiplied by the pounds landfilled (80% of the postconsumer material).

The U.S. EPA report Solid Waste Management and Greenhouse Gases: A
Life-Cycle Assessment of Emissions and Sinks contains the following description of
the methodology used to address carbon in plastic products that are landfilled: “Plastic in
a landfill represents simply 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
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landfill); thus, no change has occurred in the overall amount of carbon stored.” 24 This
accounting approach has implications not only for carbon tracking for fossil-derived
plastic resins, but also for tracking the energy content of fossil-derived plastic material
that is landfilled.

If landfilling is modeled as a means of returning the carbon content of plastic
product to carbon stocks, then it is consistent to model the energy content of the
landfilled plastic as being returned to the available energy pool. Compared to a crude oil
deposit, plastic plates mixed with other municipal solid waste in a landfill represents an
energy stock that is much different in physical form and availability for extraction.
Nonetheless, this approach is consistent with the approach used for carbon accounting
and can be justified from the standpoint of a material and energy balance.

As described in Chapter 1, the energy accounting methodology used in this report
tracks the energy value of petroleum and natural gas that is extracted from the earth for
use as material feedstocks to produce PS and LDPE resins. This energy value is referred
to as energy of material resource (EMR) and is shown in Table 2-1 under the heading
“Fossil EMR.” Because of losses in processing and converting operations, the energy
content of the plastic resin is less than the energy value of the extracted resources; thus,
there is some net expenditure of the EMR. However, some of the EMR remains
embodied in the plastic resin (i.e., as the material’s heating value in Btu per pound). This
is potentially recoverable energy rather than expended energy.

In the first three columns of Table 2-2, the total energy requirements from Table
2-1 are adjusted for the energy content of the fossil-derived plastic returned to the earth
when 80 percent of postconsumer material is landfilled. The expended energy is
calculated as the total energy minus the energy content in the fossil material landfilled.

Table 2-2 also includes adjustments for energy recovery from production and
disposal of each plate system. The resin energy credit reflects energy exported from
processes occurring in the upstream steps leading to production of resins used in the
plastic plates, coatings, and film sleeves. The “WTE and LF Gas Credit” column shows
the energy credit for the useful energy recovered through WTE combustion of the 20
percent of postconsumer plates and packaging that are managed by this method, as well
as a credit for WTE combustion of landfill methane recovered from decomposition of the
paperboard materials in the plate systems. The gross heat of combustion is adjusted for
the efficiency of converting the heat to useful electricity. (It should be noted that fossil
CO; emissions associated with WTE combustion of 20 percent of postconsumer material
are included in the GWP reported in Table 2-7, while there are no CO, releases from the
80 percent of the plastic that is placed in the landfill.)

24 y.s. EPA. Solid Waste Management and Greenhouse Gases: A Life-Cycle Assessment of
Emissions and Sinks. Third Edition. September 2006. Section 1.3, subsection Carbon Stocks, Carbon
Storage, and Carbon Sequestration. Page 6.
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Table 2-2 shows that a significant percentage of fossil EMR remains in fossil-
derived plastic resins at the end of their useful life. For the PS foam system, net energy
consumption is 66 percent of the total energy requirements. For the paperboard plates, the
energy content of the resin coatings on landfilled plates accounts for the largest share of
the energy credits. Although some energy is recovered from WTE combustion of
postconsumer plates and landfill gas from decomposition of paperboard plates, the
average efficiencies for converting this heat to useful energy are low and the resulting
energy credits are small.

Figure 2-2 shows a comparison of total energy consumption (corresponding to
Figure 2-1) and net energy consumption after adjustment for unexpended EMR, resin
energy credits, and WTE and LF gas combustion credits.

Figure 2-2. Comparison of Total and Net Energy Consumption for Plate Systems,
Excluding Biomass EMR (10,000 Plates + Packaging)

B Net
7 B Total

Million Btu/10,000 Plates + Packaging
N

PS Foam LDPE Ppbd PS Ppbd

Fossil and Non-Fossil Energy. Fossil fuels — natural gas, petroleum and coal —
are used for direct combustion as process and transportation fuels and also are used to
generate over 70 percent of the purchased electricity in the United States. The use of
natural gas and petroleum as raw material inputs for the production of plastics (reported
as energy of material resource in Table 2-1) is included in the totals for fossil energy
shown in Table 2-3 and Figure 2-3; however, the fossil energy results shown do not
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Table 2-3. Fossil and Non-fossil Energy Results
(Million Btu per 10,000 Plates + Packaging)

Percent by

Fossil Non-Fossil Total Component
Polystyrene Foam
Plate 4.74 0.15 4.89 93.6%
Packaging 0.21 0.070 0.28 5.4%
Disposal 0.048 4.1E-04 0.05 0.9%
Total 5.00 0.22 5.22
Percent by Category 95.8% 4.2%
LDPE-Coated Paperboard
Plate 4.04 2.77 6.81 98.5%
Packaging 0.045 0.015 0.06 0.9%
Disposal 0.045 4.0E-04 0.05 0.7%
Total 4.13 2.78 6.91
Percent by Category 59.7% 40.3%
PS-Coated Paperboard
Plate 4.18 2.77 6.95 98.5%
Packaging 0.045 0.015 0.06 0.8%
Disposal 0.045 4.0E-04 0.05 0.6%
Total 4.27 2.79 7.06
Percent by Category 60.5% 39.5%

include adjustments to fossil energy use for WTE combustion of postconsumer fossil-
derived plastics or the energy content remaining in fossil-derived plastics landfilled at
end of life. Petroleum is the dominant energy source for transportation. Non-fossil
sources, including hydropower, nuclear and other (geothermal, wind, etc.), shown in the
table are used to generate the balance of purchased electricity.

For the foam plate system, over 95 percent of total energy is fossil energy. This
includes not only the use of fossil fuels as process and transportation fuel but also the
EMR of the PS. For the paperboard plate systems, non-fossil energy accounts for a much
higher share of total energy, about 40 percent of the total. This is because virgin paper
mills utilize wood wastes as a fuel source, reducing their use of fossil fuels.

The last column of Table 2-3 shows the relative percentages of total energy from
production of plates, production of packaging, and management of postconsumer plates
and packaging (collection of postconsumer material transport to a landfill or incinerator,
and operation of landfill equipment). Production of plates (all steps from raw material
extraction through plate fabrication) accounts for 94 percent of the total energy
requirements for the foam plate system and over 98 percent of the total energy for coated
paperboard plates.
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Figure 2-3. Total Fossil and Non-Fossil Energy for Plate Systems
(10,000 Plates + Packaging)
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Solid Waste

Based on the uncertainty in solid waste data, differences in solid waste weight
results between systems are not considered meaningful unless the percent difference is
greater than 25 percent for process and fuel-related wastes, or greater than 10 percent for
postconsumer wastes. (Percent difference between systems is defined as the difference
between solid waste totals divided by the average of the two system totals.) This
minimum percent difference criterion was developed based on the experience and
professional judgment of the analysts and supported by sample statistical calculations
(see Appendix A). The landfill density factors used to convert solid waste weights to
volume are more uncertain, so a minimum 25 percent difference is required to consider
solid waste volume results significantly different.

Solid waste is broadly categorized into process wastes, fuel-related wastes, and
postconsumer wastes. Process wastes are the solid wastes generated by the various
processes from raw material acquisition through fabrication of plates and packaging,
including any unrecycled fabrication scrap. Fuel-related wastes are the wastes from the
production and combustion of fuels used for process energy and transportation energy.
Postconsumer wastes are the plates and packaging components that are landfilled at end
of life. This category also includes any ash resulting from waste-to-energy combustion of
20 percent of plates and packaging that are not recycled.
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Weight of Solid Waste. Solid waste results by weight are shown in Table
2-4. As with energy results, the result tables show the quantity of solid waste by type as
well as the contribution of plates, packaging, and end-of-life management to the total.
Figure 2-4 shows the weight of solid wastes for each plate system by category. The data
shown in the Disposal line includes only fuel-related waste for collection and transport of
postconsumer waste, and operation of landfill equipment; the weight of postconsumer
plates and packaging disposed are shown in the postconsumer column of the plate and
packaging lines. Postconsumer plates account for the largest share of the weight of solid
waste for all systems, about 71 percent of the total for the foam system and 64 percent of
the total for coated paperboard systems.

For the foam plate system, fuel-related solid waste is about 18 percent of total
solid waste. Fuel-related solid wastes make up 23 percent of the total solid waste for all
paperboard plate systems. The majority of these fuel-related solid wastes are from the
production of the bleached kraft paperboard content of the plates.

Total process waste is about 5 percent of total solid waste for the foam plate
system but 12 percent of the total weight of waste for the paperboard systems, mainly
from the production of bleached kraft paperboard.

Table 2-4. Solid Waste by Weight
(Pounds per 10,000 Plates + Packaging)

Postconsumer Percent by

Process Fuel (LF + WTE ash) Total Component
Polystyrene Foam
Plate 4.42 16.9 77.6 98.9 91.0%
Packaging 1.29 2.87 5.56 9.72 8.9%
Disposal 0.11 0.11 0.1%
Total 571 19.8 83.2 109
Percent by Category 5.3% 18.3% 76.5%
LDPE-Coated Paperboard
Plate 39.3 76.5 214 330 99.4%
Packaging 0.27 0.60 1.17 2.05 0.6%
Disposal 0.11 0.11 0.0%
Total 39.5 77.2 215 332
Percent by Category 11.9% 23.3% 64.8%
PS-Coated Paperboard
Plate 394 77.1 214 330 99.4%
Packaging 0.27 0.60 1.17 2.05 0.6%
Disposal 0.11 0.11 0.0%
Total 39.7 77.8 215 333
Percent by Category 11.9% 23.4% 64.7%
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Figure 2-4. Total Weight of Solid Waste by Category for Plate Systems
(10,000 Plates + Packaging)
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Volume of Solid Waste. Results for solid waste by volume are shown in Table 2-
5 and Figure 2-5. Weights of process- and fuel-related wastes are converted to volume
using an average density factor of 50 pounds per cubic foot (1,350 pounds per cubic
yard). The weights of postconsumer plates and packaging are converted to volume using
density factors that take into account not only the density of each plate or packaging
material but also the degree to which these materials compact in the landfill. The landfill
densities used for the conversions are shown in Table 2-6.

The lower the landfill density, the more space the component takes up. For
example, foam plates have a lower landfill density than paperboard plates, so a pound of
foam plates takes up more landfill space than a pound of paperboard plates. Comparing
the postconsumer solid waste segments in Figures 2-4 and 2-5 shows how the lower
landfill density of foam plates results in a higher volume of postconsumer solid waste.
Figure 2-4 shows that the weight of postconsumer foam plates is significantly lower than
the weight of the corresponding number of paperboard plates; however, Figure 2-5 shows
that there is no significant difference in the postconsumer volumes of equivalent numbers
of foam and paper plates.
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Table 2-5. Solid Waste by Volume
(Cubic Feet per 10,000 Plates + Packaging)

Process Fuel
0.088 0.34
0.026 0.057

0.0023

0.11 0.40
1.2% 4.2%
0.79 1.53
0.0055 0.012
0.0022

0.79 1.54
7.8% 15.2%
0.79 1.54
0.0055 0.012
0.0022

0.79 1.56
7.3% 14.2%

Postconsumer
(LF + WTE ash)

8.73
0.21

8.94
94.6%

7.78
0.044

7.83
77.0%

8.55
0.044

8.60
78.5%

Total

9.16
0.29
0.0023
9.45

10.1
0.06
0.0022
10.2

10.9
0.06
0.0022
10.9

Figure 2-5. Total Volume of Solid Waste by Category for Plate Systems
(10,000 Plates + Packaging)
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Table 2-6. LANDFILL DENSITIES FOR PLATES AND PACKAGING

Landfill Density

(Ib/cu yd)
Paperboard plates 740 (1)
Plastic foam plates 240 (2)
Plastic film 667 (1)
Corrugated 750 (1)

Industrial wastes (process wastes, fuel-related wastes, WTE ash) 1350 (3)

Sources:
(1) Estimates of the Volume of MSW and Selected Components in Trash Cans and Landfills.
Prepared for The Council for Solid Waste Solutions by Franklin Associates, Ltd. and
The Garbage Project. February 1990.
(2) Landfill simulation experiments on polystyrene foam foodservice products conducted
for a confidential client by The Garbage Project in 1995.
(3) Characterization of Municipal Solid Waste in the United States: 1997 Update.
EPA 530-R-98-007. May 1998. Conducted for the U.S. EPA Municipal and Industrial
Solid Waste Division, Office of Solid Waste, by Franklin Associates.

Environmental Emissions

The emissions reported in this analysis include those associated with production
of materials and production and combustion of fuels. The emissions tables in this section
present emission quantities based upon the best data available. However, in the hundreds
of unit processes included in the system models, some emissions data have been reported
from industrial sources, some are estimated from EPA emission factors, and some have
been calculated based on reaction chemistry or other information. This means there are
significant uncertainties with regards to the application of the data to these particular
packaging systems. Because of these uncertainties, the difference in two systems’
emissions of a given substance is not considered meaningful unless the percent difference
exceeds 25 percent. (Percent difference is defined as the difference between two system
totals divided by their average.) This minimum percent difference criterion was
developed based on the experience and professional judgment of the analysts and
supported by sample statistical calculations (see Appendix A).

Atmospheric and waterborne emissions for each system include emissions from
processes and emissions associated with the combustion of fuels. Process emissions are
those released directly from the sequence of processes that are used to extract, transform,
fabricate, or otherwise effect changes on a material or product during its life cycle, while
fuel-related emissions are those associated with the combustion of fuels used for process
energy and transportation energy. The majority of atmospheric emissions are fuel-related,
particularly in the case of greenhouse gas emissions, which are the focus of this
discussion.
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Global Warming Potential (GWP). The primary three atmospheric emissions
reported in this analysis that contribute over 99.9 percent of the total global warming
potential for each system are fossil fuel-derived carbon dioxide, methane, and nitrous
oxide. (Non-fossil carbon dioxide emissions, such as those from the burning of wood, are
considered part of the natural carbon cycle and are not considered a net contributor to
global warming.) The 100-year global warming potential for each of these substances as
reported in the Intergovernmental Panel on Climate Change (IPCC) 2001 report are:
carbon dioxide 1, methane 23, and nitrous oxide 296. The global warming potential
represents the relative global warming contribution of a pound of a particular greenhouse
gas compared to a pound of carbon dioxide. The weights of each greenhouse gas are
multiplied by its GWP to arrive at the total GWP. All CO, calculations, including GWP
calculations for the aggregated methane releases from decomposition of landfilled paper
products, are based on 100-year GWP factors.

In addition to the process and fuel-related emissions described above, Table 2-7
also includes estimates of GWP associated with end-of-life management of postconsumer
plates and packaging. The methodology and data sources used to estimate GWP from
WTE combustion of postconsumer plates and packaging, GWP from landfill gas
emissions, GWP credits for displacement of grid electricity, and carbon sequestration
credits are described in detail in the End of Life Management section of Chapter 1. Note
that the “End-of-Life” line in Table 2-7 includes only the GWP associated with
transportation of solid waste to landfill or incinerator and operation of landfill equipment.
The GWP effects associated with combustion and decomposition of postconsumer
material are shown in the table rows for plates and packaging.

The first two columns of Table 2-7 show the total process and fuel-related GWP
for all steps from raw material extraction through placement of postconsumer packaging
materials in a landfill or transport to an incinerator. The foam plates have some process-
related greenhouse gas emissions from resin production processes as well as from the
production and destruction of blowing agent used in plate manufacture. The paperboard
plate systems have lower process emissions compared to the foam plate system, but
higher fuel-related emissions.

The effects of WTE combustion of 20 percent of postconsumer plates and
packaging is shown in columns 3 and 4 of Table 2-7. The third column shows the
additions to GWP from combustion of 20 percent of disposed plates and packaging
components. The fourth column shows the GWP credit for the grid electricity that is
displaced by the electricity produced with energy recovered from WTE combustion.
WTE combustion shows more favorable results for paperboard plates compared to foam
plates. Emissions from combustion of biomass-derived paperboard are considered carbon
neutral, while emissions from combustion of fossil-derived PS and LDPE contribute to
net GWP. For the paperboard plates, GWP credit for displaced grid electricity (column 4)
is greater than the WTE combustion emissions from the resin coatings (column 3).
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Table 2-7. Global Warming Potential for 10,000 Plates + Packaging
(Pounds of CO2 Equivalents per 10,000 Plates + Packaging)

20% WTE

combustion WTE offset LFG offset CO02 equiv for Net Percent by

Process Fuel emissions credit LF methane credit Cseq GWP Component
Polystyrene Foam
Plate 945 357 69.9 (31) 0 0 0 490 92.6%
Packaging 0.95 28.6 1.78 ) 4.52 ©0) ?) 311 5.9%
Disposal 0 7.83 7.83 1.5%
Total 95.4 393 71.6 (33) 4.52 0) 3) 529
LDPE-Coated Paperboard
Plate 12.7 694 16.8 (41) 578 (46) (20) 1,195 98.8%
Packaging 0.20 6.02 0.37 0) 0.95 0.1) (@] 6.54 0.5%
Disposal 0 8.10 8.10 0.7%
Total 12.9 709 17.1 (41) 579 (46) (20) 1,210
PS-Coated Paperboard
Plate 17.4 717 18.1 (40) 578 (46) (20) 1,225 98.8%
Packaging 0.20 6.02 0.37 0) 0.95 0.1) ()] 6.54 0.5%
Disposal 0 8.10 8.10 0.7%
Total 17.6 732 18.4 (40) 579 (46) (20) 1,240

Columns 5 through 7 of Table 2-7 show the GWP associated with landfilling 80
percent of postconsumer plates and packaging. Column 5 reports the estimated GWP
from fugitive methane releases from decomposition of paperboard plates and corrugated
packaging that are landfilled. It is important to note that these are the cumulative releases
of methane, which will occur over a period of years as the material slowly decomposes
anaerobically in the landfill. (As noted in Chapter 1, CO, from combustion or
decomposition of biomass-derived materials such as paperboard is considered carbon
neutral and is not included in the GWP results.) Column 6 shows the GWP credit for the
grid electricity that is displaced by the electricity produced with energy recovered from
WTE combustion of the cumulative quantity of captured landfill gas from decomposition
of paperboard plates and packaging. Column 7 shows the CO, sequestration credit, based
on the carbon content of landfilled biomass-derived material that does not decompose.

The combined results for the three landfill results columns show that landfilling
has more favorable net results for the foam plate system than for paperboard plate
systems. PS has a high carbon content and does not decompose to produce methane in
landfills. The only landfill methane emissions (and landfill gas credits) for the foam plate
system are associated with disposed corrugated packaging used to ship the plates.

When paperboard plates are landfilled, some of the biomass carbon in the
paperboard degrades, as described in Chapter 1. Some of the methane produced is
captured and burned to produce electricity, resulting in the grid electricity displacement
credit shown in column 6. Some methane oxidizes in the landfill, and some is captured
and flared, converting the methane back to carbon-neutral biomass CO,. The GWP for
the methane that is released as methane is shown in column 5. Table 2-7 shows that, for
the paperboard plates, the GWP for the cumulative fugitive methane emissions is greater
than the credits for landfill gas WTE and carbon sequestration in the landfilled material
that does not decompose (columns 6 and 7).
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The second-to-last column of Table 2-7 shows the net GWP when the process,
fuel, and individual end-of-life GWP burdens and credits are summed. The net results for
the foam plate system are less than half of the GWP results for the equivalent number of
paperboard plates.

GWP results for each plate system are presented graphically in Figures 2-6 and 2-
7. Figure 2-6 shows the individual GWP contributions from process emissions, fuel-
related emissions, and end-of-life management of plates and packaging. As shown in the
light blue segment of Figure 2-6, the net effect of the estimated GWP additions and
credits from end-of-life management is a small net increase in GWP for the foam plate
system and a larger net increase in GWP for the coated paperboard plate systems.

Figure 2-7 shows that when all three categories of GWP are added (process, fuel-
related, and end of life), the net life cycle GWP for the paperboard plate system is over
twice as high as for the foam plate system.

Figure 2-6. Total Global Warming Potential by Category for Plate Systems
(10,000 Plates + Packaging)
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Pounds CO2 Equivalents/10,000 Plates + Packaging
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Figure 2-7. Net Global Warming Potential for Plate Systems
(10,000 Plates + Packaging)
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End-of-Life GWP Sensitivity Analysis. In order to model the end-of-life GWP
impacts for each plate system, it was necessary to make some modeling assumptions.
Thus, it is important to note that the end-of-life GWP estimates have a larger uncertainty
than other LCI emissions data. Some of the modeling assumptions contributing to the
uncertainty include the following:

The CO, emissions from WTE combustion of postconsumer materials are
based on complete conversion of the carbon content of the material to
CO..

The end-of-life decomposition of paperboard plates and corrugated
packaging is modeled based on results from landfill simulation
experiments designed to maximize decomposition. The ultimate degree of
decomposition may be different in actual landfills where moisture,
temperature, and other factors differ from the experimental conditions.
Results for bleached office paper decomposition were used to estimate
decomposition of the paper portion of the coated paperboard plate. Since
the coating on the plates is likely to delay or significantly inhibit
decomposition of the paper fraction, the landfill methane estimates shown
should be considered as the maximum potential emissions from
decomposition of coated paperboard plates.

Electricity offset credits are based on average efficiencies for converting
combustion energy to electricity at municipal solid waste mass burn WTE

2-18



Chapter 2 LCI Results for Plate Systems

combustion facilities and landfill gas WTE facilities. Actual efficiencies
for individual energy recovery facilities will vary.

. Management of landfill methane is based on applying current landfill gas
management practices to the cumulative methane emissions from
decomposition of the material. However, the methane would be released
gradually over many years, during which time landfill gas collection may
be increased or WTE combustion of landfill gas may be increased.

In light of these uncertainties, some sensitivity analysis was conducted to examine
the effect on paperboard plate system results using some different assumptions for degree
of decomposition and management of landfill gas. Sensitivity analysis results are shown
in Figures 2-8 and 2-9. Figure 2-8 shows results for paperboard plates modeling
decomposition of the paperboard content based on office paper decomposition, while
Figure 2-9 shows results based on coated magazine paper decomposition.

Figure 2-8. Net End-of-Life GWP Sensitivity for Paperboard Plate Systems
Modeling Paper Content Based on Uncoated Office Paper Decomposition
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The first two bars in Figure 2-8 show the “baseline” net GWP results for PS foam
plates and LDPE-coated paperboard plates. Decomposition of the paperboard portion of
the paperboard plates is modeled using Barlaz experimental data for office paper. Of the
four types of paper products in the Barlaz experiments, office paper has the most similar
composition to foodservice paperboard, although the coatings on plates are expected to
inhibit decomposition of the paper content to some extent.

2-19



Chapter 2 LCI Results for Plate Systems

The baseline paper plate results shown in the second bar of Figure 2-8 are based
on maximum material decomposition of the paper content with current percentages of
landfill gas (LFG) managed by flaring and WTE, the same as shown in Figure 2-6. The
next two columns show results for maximum decomposition of the paper content but with
different LFG management scenarios: (1) doubling the percent of LFG flared (keeping
the percent WTE constant) and (2) doubling the percent WTE combustion of LFG
(keeping the percent flared constant). Doubling the percent flared decreases net methane
emissions, while doubling WTE combustion of LFG both reduces net methane emissions
and provides a GWP credit for displacing grid electricity.

The last three columns of Figure 2-8 show results for half of maximum
decomposition (e.g., for reduced decomposition due to the inhibiting effect of plate
coatings, or due to landfill conditions that do not favor maximum decomposition). When
half as much material decomposes, half as much methane is produced, and carbon
sequestration in undecomposed material is increased. The reduced decomposition
scenario is evaluated for three LFG management scenarios: current, doubled flaring, and
doubled LFG WTE. In the sensitivity analysis shown in Figure 2-8, most of the
paperboard scenarios are higher than the PS foam plate, although the last two scenarios,
representing decreased paperboard decomposition in combination with increased LFG
recovery, are not significantly different from PS.

Figure 2-9 uses similar scenarios, except in this case the baseline scenario for
decomposition of the paper portion of the paperboard plate uses Barlaz experimental
degradation rates for the paper content in clay-coated magazine paper. This scenario is
included to provide some indication of how the presence of coating may serve to inhibit
landfill decomposition of coated paper products. The results for the coated magazine
paper cannot be considered directly applicable to coated paper plates because there are
significant differences between the plates and magazine paper in terms of the
composition of the paper substrate, the types of coatings used, and the weight percent
coating. In other words, it is unlikely that bleached paperboard with 10 percent resin
coating will degrade in the same way as a groundwood blend paper with 30 percent clay
coating. For the sensitivity based on magazine paper decomposition, none of the
paperboard scenarios can be considered significantly different from the PS foam scenario.
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Figure 2-9. Net End-of-Life GWP Sensitivity for Paperboard Plate Systems
Modeling Paper Content Based on Coated Magazine Paper Decomposition
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Process and Fuel-related GWP by Substance. Table 2-8 presents detail on the
process and fuel-related GWP by substance. The results in this table correspond to the
emissions shown in the first two columns of Table 2-7, which include cradle-to-
production results for plates and packaging, and transportation results up to the point of
placement in a landfill or entering a WTE facility. They do not include the estimated end-
of-life GWP effects associated with combustion or landfill decomposition. Thus, the
results in Table 2-8 do not include any emissions associated with EMR of fossil-derived
plastic resins, since EMR does not result in emissions unless the material is burned, e.g.,
in WTE combustion facilities at end of life. The table shows that fossil carbon dioxide is
the main contributor to process and fuel-related GWP for each system, accounting for at
least 88 percent of the total GWP for all the plate systems studied. Methane emissions for
the foam plate system are largely associated with the extraction and processing of natural
gas, used as a material input to PS resin production and production of the pentane
blowing agent.

Although virgin paperboard production utilizes significant quantities of wood
wastes for carbon-neutral energy, the coated paperboard plate systems produce greater
quantities of process and fuel-related fossil CO, than the foam plate system. This can be
attributed to the heavier weight of the paper plates, which serves as a multiplier for the
CO; emissions per pound of plate material. The “cradle-to-gate” sequence of processes
required to produce plates from raw materials accounts for 98 percent of the total GWP
for coated paperboard plate systems and 92 percent of total GWP for the foam plate
system.
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Table 2-8. Process and Fuel-Related Global Warming Potential Contributions by Substance
(Pounds of CO2 Equivalents per 10,000 Plates + Packaging,
Excluding Estimates of GWP for End-of-Life Management)

Nitrous Total

Fossil CO2* Methane Oxide Process + Fuel Percent
Polystyrene Foam
Plate 398 51.5 1.91 451 92.3%
Packaging 26.4 245 0.76 29.6 6.1%
Disposal Transport 7.49 0.26 0.079 7.83 1.6%
Total 432 54.2 2.75 489
Percent by Substance 88.3% 11.1% 0.6%
LDPE-Coated Paperboard
Plate 645 40.9 21.3 707 98.0%
Packaging 5.54 0.52 0.16 6.22 0.9%
Disposal Transport 7.79 0.23 0.075 8.10 1.1%
Total 658 41.6 21.6 721
Percent by Substance 91.2% 5.8% 3.0%
PS-Coated Paperboard
Plate 673 40.0 214 735 98.1%
Packaging 5.54 0.52 0.16 6.22 0.8%
Disposal Transport 7.79 0.23 0.075 8.10 1.1%
Total 687 40.7 21.6 749
Percent by Substance 91.7% 5.4% 2.9%

* None of the fossil CO2 reported in this table is associated with the energy of material resource in plastic re
Column 3 of Table 2-7 includes CO2 emissions associated with the energy of material resource content of
fossil-derived plastic material that is burned at end-of-life.

The majority of the process and fuel-related GWP for each system is associated
with the production and combustion of fuels. Because the majority of process and fuel-
related GWP for each system is fuel-related, and fossil carbon dioxide is the substance
that accounts for the most GWP for each system, one might expect that greenhouse gas
comparisons would track closely with the fossil energy requirements presented in the
Energy Results. However, this is not the case for plastics. As discussed in the Energy
section, a large portion of the fossil energy for foam plates containing PS is energy of
material resource. EMR accounts for the energy content of the fossil fuel resources used
to produce the resin but does not result in GWP (unless the material is burned, as in WTE
combustion). Therefore, the energy total that most closely matches the process and fuel-
related GWP total is the total fossil process and transportation energy.
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Other Emissions. Full lists of atmospheric and waterborne emissions for each
packaging system are shown at the end of this chapter in Tables 2-9 and 2-10, excluding
estimated end-of-life GWP effects. It is not practical to attempt to discuss individually the
more than 200 emission categories listed in the tables. In general, the tables show that the
foam plate system tends to have lower cumulative quantities of individual atmospheric
emissions than the equivalent number of coated paperboard plates, while waterborne
emissions for the foam plate system tend to be higher.

It is important to realize that interpretation of air and water emission data requires
great care. The emission quantities reported in these tables represent the total releases of
each substance aggregated for all the unit processes over the complete life cycle of each
packaging system. Aggregated life cycle emissions can represent very different scenarios
with different impacts. For example, the total quantity of an individual emission may
represent a single high-concentration release with direct human exposure, or it may
represent multiple small low-concentration releases at different locations. These scenarios
would likely have very different impacts. Because of the lack of detailed information on
emission release concentrations, locations, etc., there are large uncertainties in estimating
the potential impacts of these aggregated emission quantities on human health and the
environment. Various impact assessment methodologies can be used to assess the
potential impacts; however, this analysis is limited to a life cycle inventory.

KEY OBSERVATIONS AND CONCLUSIONS

. Energy: The total energy requirement for the foam plate system is lower
than energy requirements for the equivalent number of coated paperboard
plates. The percentage of fossil energy is higher for foam plates than for
paperboard plates, where wood wastes are a significant source of energy
for virgin paperboard production.

J Net Energy: A significant portion of fossil EMR remains in fossil-derived
material that is sent to landfills for end-of-life management, both in foam
plates and in paperboard plate coatings. Some energy is also recovered
from postconsumer materials that are managed by WTE combustion, as
well as from WTE combustion of landfill gas produced from paperboard
decomposition.

. Solid Waste: Postconsumer plates account for the largest share of solid
waste for each plate system. The foam plate system produces significantly
less weight of solid waste compared to paperboard plates. However,
because of the low density of foam plates, the difference in solid waste
volume of postconsumer foam and paperboard plates is insignificant.

. Process and Fuel-related Global Warming Potential: The total process
and fuel-related GWP (excluding estimated end-of-life GWP) for the foam
plate system is significantly lower than for the paperboard plate systems.

. End-of-Life GWP Effects: The end-of-life GWP results presented here
should be considered as more uncertain than other emissions data. The
overall effect of the estimated GWP additions and credits from end-of-life
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management is a net increase in GWP for both the foam and coated
paperboard plate systems.

Influence of Product Weight on LCI Results: The majority of the
environmental burdens for producing each plate or packaging component
is from the production of the materials used. Material production burdens
are calculated as the product of the burdens per pound of material
multiplied by the pounds of material used in the plate system. Although
cradle-to-production burdens in an LCI tend to favor lighter products,
certain environmental results (e.g., energy recovery, carbon sequestration)
may favor products with greater mass. In this study, the weight of the
generic coated paperboard plate is 2.5 times the weight of the foam plate.
The weights of plates evaluated in this analysis were provided by Pactiv
for a current foam plate manufactured by Pactiv and a representative
coated paperboard plate that competes in the marketplace with that foam
plate. Many grades and weights of disposable plates are available in the
marketplace, and comparisons of plates with different weights may yield
different conclusions.
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Table 2-9. Atmospheric Emissions for Plate Systems
(Pounds of Releases per 10,000 Plates + Packaging)

10,000 Paperboard
Plates + Packaging

10,000 PS Foam LDPE-Coated| PS-Coated
Plates + Packaging Paperboard |Paperboard

Atmospheric Emissions
1,3 Butadiene 5.7E-07 2.2E-06  2.2E-06
2,4-Dinitrotoluene 5.4E-10 1.2E-08  1.2E-08
2-Chloroacetophenone 1.3E-08 3.1E-07  3.1E-07
Acenaphthene 1.3E-08 4.1E-08  4.1E-08
Acenaphthylene 6.5E-09 2.0E-08  2.0E-08
Acetophenone 2.9E-08 6.6E-07 6.6E-07
Acrolein 2.6E-04 0.010 0.010
Aldehydes (Acetaldehyde) 6.7E-05 0.0022 0.0022
Aldehydes (Formaldehyde) 4.9E-04 0.012 0.012
Aldehydes (Propionaldehyde) 7.3E-07 1.7E-05 1.7E-05
Aldehydes (unspecified) 0.0038 0.036 0.037
Ammonia 0.0041 0.022 0.022
Ammonia Chloride 1.8E-05 2.8E-05  2.8E-05
Anthracene 5.4E-09 1.7E-08 1.7E-08
Antimony 9.7E-07 2.2E-05  2.2E-05
Arsenic 1.3E-05 9.0E-05  9.1E-05
Benzene 0.0076 0.019 0.019
Benzo(a)anthracene 2.1E-09 6.4E-09  6.4E-09
Benzo(a)pyrene 9.8E-10 3.0E-09  3.1E-09
Benzo(b,j,k)fluroanthene 2.8E-09 8.8E-09  8.9E-09
Benzo(g,h,i) perylene 7.0E-10 2.2E-09  2.2E-09
Benzyl Chloride 1.3E-06 3.1E-05  3.1E-05
Beryllium 6.9E-07 45E-06  4.5E-06
Biphenyl 4.4E-08 14E-07  1.4E-07
Bis(2-ethylhexyl) Phthalate (DEHP) 1.4E-07 3.2E-06  3.2E-06
Bromoform 7.5E-08 1.7E-06 1.7E-06
BTEX 0.019 0.0085 0.0047
Cadmium 3.7E-06 19E-05 1.9E-05
Carbon Dioxide - Fossil 432 658 687
Carbon Dioxide - Non-Fossil 12.4 495 495
Carbon Disulfide 2.5E-07 5.7E-06  5.7E-06
Carbon Monoxide 1.65 3.00 3.20
Carbon Tetrachloride 2.9E-06 1.1E-04  1.1E-04
CFC12 1.0E-08 6.3E-09  7.9E-09
Chlorine 6.4E-05 0.0049 0.0049
Chlorobenzene 4.2E-08 9.7E-07  9.7E-07
Chloroform 1.1E-07 2.6E-06  2.6E-06
Chromium 1.1E-05 7.6E-05  7.7E-05
Chromium (VI) 2.0E-06 6.3E-06  6.4E-06
Chrysene 2.6E-09 8.0E-09  8.1E-09
Chrysene, 5-methyl 5.7E-10 1.8E-09 1.8E-09
Cobalt 8.0E-06 49E-05  5.0E-05
Copper 9.7E-08 2.3E-07 2.4E-07
Cumene 1.0E-08 2.3E-07 2.3E-07
Cyanide 4.8E-06 1.1E-04 1.1E-04
Dimethyl Sulfate 9.2E-08 2.1E-06  2.1E-06
Dioxins (unspecified) 1.1E-07 4.2E-06  4.2E-06
Ethyl Chloride 8.0E-08 1.8E-06  1.8E-06
Ethylbenzene 8.5E-04 46E-04  5.1E-04
Ethylene Dibromide 2.3E-09 5.3E-08  5.3E-08
Ethylene Dichloride 7.6E-08 1.8E-06 1.8E-06
Fluoranthene 1.8E-08 5.7E-08  5.7E-08
Fluorene 2.3E-08 7.3E-08  7.3E-08
Fluorides 8.7E-05 0.0020 0.0020
F2 3.7E-09 8.3E-08  8.3E-08
Furans (unspecified) 1.1E-10 1.6E-10 1.7E-10
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Table 2-9. Atmospheric Emissions for Plate Systems
(Pounds of Releases per 10,000 Plates + Packaging)

10,000 Paperboard
Plates + Packaging
10,000 PS Foam LDPE-Coated| PS-Coated
Plates + Packaging Paperboard |Paperboard
Atmospheric Emissions
HCI 0.032 0.12 0.12
Hexane 1.3E-07 2.9E-06  2.9E-06
HF 0.0038 0.022 0.022
HCFC/HFCs 1.0E-04 2.8E-05  2.8E-05
Hydrogen 8.5E-05 3.0E-05  2.3E-05
Hydrocarbons (unspecified) 0.031 0.097 0.10
Indeno(1,2,3-cd)pyrene 1.6E-09 4.9E-09 4.9E-09
Isophorone (C9H140) 1.1E-06 2.5E-05  2.5E-05
Kerosene 3.3E-05 5.0E-05  5.1E-05
Lead 2.2E-05 3.0E-04  3.0E-04
Magnesium 2.8E-04 8.8E-04  8.9E-04
Manganese 1.2E-04 0.0041 0.0041
Mercaptan 4.1E-04 0.0095 0.0095
Mercury 5.9E-06 7.2E-05  7.3E-05
Metals (unspecified) 0.0027 0.11 0.11
Methane 2.36 1.81 177
Methyl Bromide 3.1E-07 7.0E-06  7.0E-06
Methyl Chloride 1.0E-06 2.3E-05  2.3E-05
Methyl Ethyl Ketone 2.6E-05 1.7E-05  2.4E-05
Methyl Hydrazine 3.2E-07 7.5E-06  7.5E-06
Methyl Methacrylate 3.8E-08 8.8E-07  8.8E-07
Methyl Tert Butyl Ether (MTBE) 6.7E-08 1.5E-06  1.5E-06
Methylene Chloride 3.1E-05 7.8E-04  7.8E-04
Naphthalene 8.1E-06 2.5E-04  2.5E-04
Naphthanlene 3.4E-07 1.0E-06  1.0E-06
Nickel 8.1E-05 46E-04 47E-04
Nitrogen Oxides 1.03 3.82 3.90
Nitrous Oxide 0.0093 0.073 0.073
Non-Methane Hydrocarbons 0.17 0.56 0.57
Odorous Sulfur 3.6E-04 0.091 0.091
Organics (unspecified) 0.0030 0.0016  5.4E-04
Particulates (PM10) 0.069 1.48 1.48
Particulates (PM2.5) 8.1E-04 1.8E-04  2.2E-04
Particulates (unspecified) 0.15 0.67 0.67
Pentane 0.46 0 0
Perchloroethylene 1.2E-06 3.8E-06  3.8E-06
Phenanthrene 7.0E-08 2.2E-07 2.2E-07
Phenols 7.0E-06 1.5E-04  1.5E-04
Polyaromatic Hydrocarbons (total) 3.0E-06 1.1E-05 1.1E-05
Propylene 3.8E-05 1.5E-04 1.5E-04
Pyrene 8.5E-09 2.6E-08  2.7E-08
Radionuclides (unspecified) 0.0019 0.0028 0.0029
Selenium 3.5E-05 1.1E-04  1.2E-04
Styrene 3.2E-07 1.1E-06  1.1E-06
Sulfur Dioxide 2.56 3.48 3.61
Sulfur Oxides 1.76 2.34 212
Toluene 0.011 0.0059 0.0066
Total Non-Methane Organic
Compound (unspecified) 0.0034 0.027 0.027
Trichloroethane 4.7E-08 8.8E-07 8.9E-07
Vinyl Acetate 1.5E-08 3.3E-07  3.3E-07
VOC (unspecified) 0.13 0.082 0.080
Xylenes 0.0064 0.0035 0.0038
Zinc 6.5E-08 1.5E-07  1.6E-07
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Table 2-10. Waterborne Emissions for Plate Systems
(Pounds of Releases per 10,000 Plates + Packaging)

10,000 Paperboard
Plates + Packaging

10,000 PS Foam LDPE-Coated| PS-Coated
Plates + Packaging Paperboard |Paperboard

Waterborne Emissions
1-Methylfluorene 1.0E-07 5.5E-08 5.7E-08
2,4 Dimethylphenol 2.5E-05 1.4E-05 1.4E-05
2-Hexanone 5.8E-06 3.2E-06  3.3E-06
2-Methyl Naphthalene 1.4E-05 7.7E-06  8.0E-06
4-Methyl-2-pentanone 3.8E-06 2.0E-06 2.1E-06
Acetone 8.9E-06 4.9E-06 5.1E-06
Acid (benzoic) 9.1E-04 49E-04 5.1E-04
Acid (hexanoic) 1.9E-04 1.0E-04  1.1E-04
Acid (unspecified) 4.1E-04 2.6E-04  2.8E-04
Alkalinity (total) 0.071 0.039 0.040
Alkylated Benzenes 2.1E-05 1.3E-05 1.5E-05
Alkylated Fluorenes 1.2E-06 7.3E-07  8.6E-07
Alkylated Naphthalenes 3.5E-07 2.1E-07  2.4E-07
Alkylated Phenanthrenes 1.5E-07 8.6E-08 1.0E-07
Aluminum 0.042 0.024 0.028
Ammonia 0.014 0.041 0.042
Ammonium 1.5E-05 2.2E-05  2.3E-05
Antimony 2.4E-05 1.4E-05 1.7E-05
AOX 0 0.014 0.014
Arsenic 2.2E-04 1.2E-04  1.3E-04
Barium 0.56 0.33 0.38
Benzene 0.0015 8.1E-04 8.5E-04
Beryllium 1.1E-05 6.0E-06  6.4E-06
BOD 0.34 5.54 5.56
Boron 0.0028 0.0015 0.0016
Bromide 0.19 0.10 0.11
Cadmium 3.2E-05 1.8E-05 1.9E-05
Calcium 2.87 1.56 1.62
Chlorides (unspecified) 322 17.5 18.2
Chromium (unspecified) 0.0011 6.6E-04  7.7E-04
Cobalt 2.0E-05 1.1E-05 1.1E-05
COD 0.43 1.39 1.41
Copper 1.8E-04 1.1E-04  1.2E-04
Cresols 2.2E-05 2.0E-05  2.2E-05
Cyanide 1.6E-07 7.3E-08 1.0E-07
Cymene 3.8E-08 3.5E-08  3.7E-08
Dibenzofuran 1.7E-07 9.2E-08  9.6E-08
Dibenzothiophene 1.4E-07 7.5E-08  7.8E-08
Dissolved Solids 39.9 443 452
Ethylbenzene 1.8E-04 4.6E-05  7.4E-05
Fluorine/Fluorides 2.4E-04 3.6E-04  3.7E-04
Hardness 8.84 481 5.00
HCFC/HFCs 2.8E-07 2.7E-06  6.0E-08
Herbicides 0 7.5E-11 7.5E-11
Hydrocarbons 7.8E-05 7.0E-05  7.6E-05
Iron 0.093 0.055 0.062
Isopropy! alcohol 2.8E-07 2.7E-06 6.0E-08
Lead 3.7E-04 2.1E-04 2.3E-04
Lead 210 5.3E-14 14E-14  13E-14
Lithium 0.61 0.31 0.27
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Table 2-10. Waterborne Emissions for Plate Systems
(Pounds of Releases per 10,000 Plates + Packaging)

10,000 Paperboard
Plates + Packaging

10,000 PS Foam LDPE-Coated| PS-Coated
Plates + Packaging Paperboard |Paperboard

Waterborne Emissions
Magnesium 0.56 0.31 0.32
Manganese 0.0012 0.0015 0.0015
Mercury 4.3E-07 9.4E-05 9.4E-05
Metal (unspecified) 5.04 271 3.02
Methyl Chloride 3.6E-08 2.0E-08  2.0E-08
Methyl Ethyl Ketone (MEK) 7.2E-08 3.9E-08  4.1E-08
Molybdenum 2.1E-05 1.1E-05 1.2E-05
Naphthalene 1.6E-05 8.8E-06  9.2E-06
n-Decane 1.5E-05 4.0E-06 3.8E-06
n-Docosane 5.5E-07 1.5E-07 1.4E-07
n-Dodecane 2.8E-05 7.6E-06 7.2E-06
n-Eicosane 7.8E-06 2.1E-06  2.0E-06
n-Hexacosane 3.4E-07 9.2E-08 8.7E-08
n-Hexadecane 3.1E-05 8.3E-06 7.8E-06
Nickel 1.9E-04 1.1E-04 1.1E-04
Nitrates 6.7E-05 6.2E-05  6.3E-05
Nitrogen (ammonia) 4.8E-04 0.037 0.037
n-Octadecane 7.6E-06 2.0E-06  1.9E-06
n-Tetradecane 1.2E-05 3.3E-06 3.1E-06
0 + p-Xylene 1.1E-05 3.0E-06  2.9E-06
0-Cresol 1.5E-05 4.0E-06 3.7E-06
Oil 0.021 0.011 0.011
Organic Carbon 0.0016 8.8E-04  9.8E-04
p-Cresol 1.6E-05 4.3E-06  4.0E-06
p-Cymene 5.1E-08 1.4E-08 1.3E-08
Pentamethylbenzene 6.7E-08 3.6E-08 3.8E-08
Phenanthrene 1.7E-07 9.4E-08 1.0E-07
Phenol/Phenolic Compounds 4.4E-04 2.4E-04  2.5E-04
Phosphates 0.0018 0.017 0.017
Phosphorus 4.1E-04 0.024 0.024
Radium 226 82.6 5.0E-12  4.7E-12
Radium 228 20.6 25E-14  2.4E-14
Radionuclides (unspecified) 2.6E-08 3.9E-08  4.0E-08
Selenium 9.9E-06 1.1E-05  1.1E-05
Silver 0.0019 0.0010 0.0011
Sodium 9.09 4.95 5.15
Sodium dichromate 0 1.7E-06  1.7E-06
Strontium 0.049 0.026 0.028
Styrene 9.7E-05 2.7E-09  2.7E-05
Sulfates 0.089 0.072 0.074
Sulfides 0.0016 3.2E-04  3.4E-04
Sulfur 0.0024 0.0013 0.0013
Surfactants 8.4E-04 45E-04  4.6E-04
Suspended Solids 1.30 1.88 1.99
Thallium 5.2E-06 3.1E-06  3.6E-06
Tin 1.4E-04 7.7E-05  8.4E-05
Titanium 3.8E-04 2.2E-04 2.6E-04
TOC 3.5E-05 2.7E-05  9.3E-06
Toluene 0.0014 7.7E-04  8.0E-04
Total Biphenyls 1.4E-06 8.2E-07 9.6E-07
Total dibenzothiophenes 4.3E-09 2.5E-09 3.0E-09
Vanadium 2.4E-05 1.3E-05  1.4E-05
Xylenes 7.5E-04 4.1E-04  4.2E-04
Yttrium 6.0E-06 3.3E-06  3.4E-06
Zinc 0.0012 0.0011 0.0012
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APPENDIX A
CONSIDERATIONS FOR INTERPRETATION
OF DATA AND RESULTS

INTRODUCTION

An important issue with LCI results is whether two numbers are really different
from one another. For example, if one product has a total system requirement of 100
energy units, is it really different from another product system that requires 110 energy
units? If the error or variability in the data is sufficiently large, it cannot be concluded
that the two numbers are actually different.

STATISTICAL CONSIDERATIONS

A statistical analysis that yields clear numerical answers would be ideal, but
unfortunately LCI data are not amenable to this. The data are not (1) random samples
from (2) large populations that result in (3) “normal curve” distributions. LCI data meet
none of these requirements for statistical analysis. LCI data for a given sub-process (such
as potato production, roundwood harvesting, or caustic soda manufacture, for example)
are generally selected to be representative of a process or industry, and are typically
calculated as an average of two to five data points. In statistical terminology, these are
not random samples, but “judgment samples,” selected so as to reduce the possible errors
incurred by limited sampling or limited population sizes. Formal statistics cannot be
applied to judgment samples; however, a hypothetical data framework can be constructed
to help assess in a general sense the reliability of LCI results.

The first step in this assessment is reporting standard deviation values from LCI
data, calculated by:

S:\/Z«l_xmean?

n-1

where Xj is a measured value in the data set and Xmean is the average of n values. An
analysis of sub-process data from Franklin Associates, Ltd. files shows that, for a typical
sub-process with two to five different companies supplying information, the standard
deviation of the sample is about 30 percent of the sample average.

In a typical LCI study, the total energy of a product system consists of the sum of
many sub-processes. For the moment, consider an example of adding only two numbers.
If both numbers are independent of each other and are an average of measurements which
have a sample standard deviation, s, of 30, the standard deviation of the sum is obtained
by adding the variances of each term to form the sum of the variances, then taking the

square root. Variances are calculated by squaring the standard deviation, s2, s0 the sum
of the variances is 302 * 302 = 900 + 900 = 1800 . The new standard deviation of the
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sum is the square root of the sum of the variances, or \/1800 = 42.4. In this example,
suppose both average values are 100, with a sum of 200. If reported as a percent of the
sum, the new standard deviation is 42.4/200 = 21.3% of the sum. Another way of

. . . s/Xmean L
obtaining this value is to use the formula so = T , Where the term so4 is defined

as the standard deviation of n data points, expressed as a % of the average, where each
entry has approximately the same standard deviation, s. For the example, then, soq =
30%

\/EO = 21.3%.

Going back to a hypothetical LCI example, consider a common product system
consisting of a sum of approximately 40 subsystems. First, a special hypothetical case is

examined where all of the values are approximately the same size, and all have a
%

. . _ 30
standard deviation of 30%. The standard deviation in the result is soq = W =4.7%.

The act of summing reduces the standard deviation of the result with respect to the
standard deviation of each entry because of the assumption that errors are randomly
distributed, and by combining values there is some cancellation of total error because
some data values in each component system are higher than the true values and some are
lower.

The point of this analysis, however, is to compare two results, e.g., the energy
totals for two different product systems, and decide if the difference between them is
significant or not. To test a hypothetical data set it will be assumed that two product
systems consist of a sum of 40 values, and that the standard deviation, so, is 4.7% for

each product system.

If there is statistical knowledge of the sample only, and not of the populations
from which they were drawn, “t” statistics can be used to find if the two product totals are
different or not. The expression selected is:

253' nil + n_12 , Where g1 — 2 is the difference in
population means, x1-x2 is the difference in sample means, and s' is a pooled standard
deviation of the two samples. For the hypothetical case, where it is assumed that the
standard deviation of the two samples is the same, the pooled value is simply replaced

with the standard deviation of the samples.

pl— 12 = x1—x2 +/—t0

The goal is to find an expression that compares our sample means to “true,” or
population, means. A new quantity is defined:
A= €1 12 - &l—x2_, and the sample sizes are assumed to be the same (i.e., n1=ny).

The resultis A :tOZSSI\/%’ where A is the minimum difference corresponding to a 95%

confidence level, s' is the standard deviation of the sum of n values, and t 025 isat

A-2



Appendix A Considerations for Interpretation of Data and Results

statistic for 95% confidence levels. The values for t are a function of n and are found in
tables. This expression can be converted to percent notation by dividing both sides by the

average of the sample means, which results in A% :t0255'%\/z , where A% is now the
: n

percent difference corresponding to a 95% confidence level, and s'% is the standard

deviation expressed as a percent of the average of the sample means. This formula can be
0,

o : . s% .
simplified for the example calculation by remembering that s'os = Tf: , Where s% is the

standard deviation of each energy entry for a product system. Now the equation becomes

025s%ﬁ_ For the example, t = 2.0, s = 30%, and n = 40, so that A% = 2.1%.
n

This means that if the two product system energy totals differ by more than 2.1%, there is
a 95% confidence level that the difference is significant. That is, if 100 independent
studies were conducted (in which new data samples were drawn from the same
population and the study was conducted in the identical manner), then 95 of these studies
would find the energy values for the two product systems to differ by more than 2.1%.

A% =t

The previous discussion applies only to a hypothetical and highly idealized
framework to which statistical mathematics apply. LCI data differ from this in some
important ways. One is that the 40 or so numbers that are added together for a final
energy value of a product system are of widely varying size and have different variances.
The importance of this is that large numbers contribute more to the total variance of the
result. For example, if 20 energy units and 2,000 energy units are added, the sum is 2,020
energy units. If the standard deviation of the smaller value is 30% (or 6 units), the

variance is 62 = 36. If the standard deviation of the larger number is 10% (or 200), the
variance is 2002 = 40,000. The total variance of the sum is 36 + 40,000 = 40,036, leading

3[@400365

to a standard deviation in the sum of 2020 = 9.9%. Clearly, the variance in the

result is much more greatly influenced by larger numbers. In a set of LCI energy data,
standard deviations may range from 10% to 60%. If a large number has a large
percentage standard deviation, then the sum will also be more uncertain. If the variance
of the large number is small, the answer will be more certain. To offset the potential
problem of a large variance, Franklin Associates goes to great lengths to increase the
reliability of the larger numbers, but there may simply be inherent variability in some
numbers which is beyond the researchers’ control.

If only a few numbers contribute most of the total energy in a system, the value of
A% goes up. This can be illustrated by going back to the formula for A% and
calculating examples for n =5 and 10. From statistical tables, the values for t025 are

2.78 for n =5, and 2.26 for n = 10. Referring back to the hypothetical two-product data
set with s% = 30% for each entry, the corresponding values for A% are 24% forn=5
and 9.6% for n = 10. Thus, if only 5 numbers out of 40 contribute most of the energy, the
percent difference in the two product system energy values must increase to 24% to
achieve the 95% confidence level that the two values are different. The minimum
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difference decreases to 9.6% if there are 10 major contributors out of the 40 energy
numbers in a product system.

CONCLUSIONS

The discussion above highlights the importance of sample size, and of the
variability of the sample. However, once again it must be emphasized that the statistical
analysis does not apply to LCI data. It only serves to illustrate the important issues. Valid
standard deviations cannot be calculated because of the failure of the data to meet the
required statistical formula assumptions. Nevertheless, it is important to achieve a
maximum sample size with minimum variability in the data. Franklin Associates
examines the data, identifies the large values contributing to a sum, then conducts more
intensive analysis of those values. This has the effect of increasing the number of data
points, and therefore decreasing the “standard deviation.” Even though a calculated
standard deviation of 30% may be typical for Franklin Associates’ LCI data, the actual
confidence level is much higher for the large values that control the variability of the data
than for the small values. However, none of this can be quantified to the satisfaction of a
statistician who draws conclusions based upon random sampling. In the case of LCI data,
it comes down to a matter of professional judgment and experience. The increase in
confidence level resulting from judgment and experience is not measurable.

It is the professional judgment of Franklin Associates, based upon over 25 years
of experience in analyzing LCI data, that a 10% rule is a reasonable value for A% for
stating results of product system energy totals. That is, if the energy of one system is 10%
different from another, it can be concluded that the difference is significant. It is clear
that this convention is a matter of judgment. This is not claimed to be a highly accurate
statement; however, the statistical arguments with hypothetical, but similar, data lend
plausibility to this convention.

We also conclude that the weight of postconsumer solid waste data can be
analyzed in a similar way. These data are at least as accurate as the energy data, perhaps
with even less uncertainty in the results. Therefore, the 10% rule applies to postconsumer
solid waste weight. However, we apply a 25% rule to the solid waste volume data
because of greater potential variability in the volume conversion factors.

Air and water pollution and industrial solid waste data are not included in the 10%
rule. Their variability is much higher. Data reported by similar plants may differ by a
factor of two, or even a factor of ten or higher in some cases. Standard deviations may be
as high as 150%, although 75% is typical. This translates to a hypothetical standard
deviation in a final result of 12%, or a difference of at least 25% being required for a 95%
confidence of two totals being different if 10 subsystems are major contributors to the
final results. However, this rule applies only to single emission categories, and cannot be
extended to general statements about environmental emissions resulting from a single
product system. The interpretation of environmental emission data is further complicated
by the fact that not all plants report the same emission categories, and that there is not an
accepted method of evaluating the relative importance of various emissions.
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It is the intent of this appendix to convey an explanation of Franklin Associates’
10% and 25% rules and establish their plausibility. Franklin Associates’ policy is to
consider product system totals for energy and weight of postconsumer solid waste
weight to be different if there is at least a 10% difference in the totals. Otherwise,
the difference is considered to be insignificant. In the detailed tables of this report
there are many specific pollutant categories that are variable between systems. For
the air and waterborne emissions, industrial solid waste, and postconsumer solid
waste volume, the 25% rule should be applied. The formula used to calculate the
difference between two systems is:

% Diff = [;(_T;’] X 100,
2

where x and y are the summed totals of energy or waste for two product systems. The
denominator of this expression is the average of the two values.
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PEER REVIEW

After completion of the LCI and prior to public release, the full LCI report was
submitted to Dr. David Allen of the University of Texas at Austin for peer review. Dr.
Allen’s review and Franklin’s response to each comment are attached.

During the process of responding to the peer review comments, Franklin
identified some additional information in the U.S. EPA report Solid Waste Management
and Greenhouse Gases: A Life-Cycle Assessment of Emissions and Sinks that
necessitated some further changes to the peer-reviewed report. The changes included the
following:

e Removing the carbon credit that had been assigned to landfilled plastic products
for consistency with the EPA methodology

e Adjusting the calculation of net energy consumption to use an energy accounting
approach that is consistent with the EPA’s carbon accounting approach

e Refining the end-of-life decomposition calculations to utilize data in the EPA
report that provided better estimates for some of the factors that had been used in
the GHG calculations. For example, the EPA report had well-documented
information on the efficiency of converting WTE heat to useful kWh that was
used to replace the 33% conversion efficiency estimate in the original study.

The material that was changed subsequent to the initial review was extracted into
a separate document and sent to Dr. Allen for review. The post-peer review comments
and responses are attached following the initial full peer review. The second peer review
document includes the post-peer review revised material submitted to Dr. Allen with the
revised information identified in red text.

A brief bio of Dr. Allen summarizing his experience and qualifications is attached
at the end of this report.
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Prepared for

FRANKLIN ASSOCIATES, LTD.
and
PACTIV

by

Dr. David Allen
University of Texas

April 15, 2008
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SUMMARY

At the request of Pactiv and the consulting firm of Franklin Associates, Ltd., a peer
review was conducted on the report “Life Cycle Inventory of Foam and Paperboard
Plates”. A single peer reviewer (David Allen, University of Texas) was charged with
reviewing the study against the following six criteria:

Is the methodology consistent with 1SO standards for LCI?

Are the objectives, scope, and boundaries of the study clearly identified?
Are the assumptions used clearly identified and reasonable?

Are the sources of data clearly identified and representative?

Is the report complete, consistent, and transparent?

Are the conclusions appropriate based on the data and analysis?

In general, the answers to these questions are, “Yes”; the study meets the high
professional standards that life cycle assessment practitioners have come to expect from
Franklin Associates.

Responses to each of the questions that the peer reviewer was charged with addressing
are provided below.

Is the methodology consistent with 1SO Standards for LCI?

The methodology is generally very consistent with 1ISO 14040:1997 and 1SO 14044:2006.
Obijectives, scope, and boundaries are identified, as well as most assumptions.

However, one requirement of 1SO 14044:2006 is the clear definition of the study goal.
According to Section 4.2.2 that goal “shall...unambiguously” state “the intended
application; the reasons for carrying out the study; the intended audience...whether the
results are intended to be used in comparative assertions intended to be disclosed to the
public.” In the Statement of Work for the peer review (appended to this review), it is
stated that the study will be made publicly available, but that the study will not be used to
make comparative assertions, where a comparative assertion is defined in ISO 14044
section 3.6 as an “environmental claim regarding the superiority or equivalence of one
product versus a competing product that performs the same function.” However, at
multiple points in the report, it is stated that the intended use of the report is “to inform
Pactiv about the environmental burdens and tradeoffs associated with the two families of
plates—plastic foam and paper” (ES-1), with no public release implied. This discrepancy
should be clarified.

Franklin response: The intended use description has been revised throughout the
report as follows: “The primary intended use of the study results is to inform Pactiv
about the environmental burdens and tradeoffs associated with the two families of
plates—plastic foam and paper. A secondary intended use is public release of the
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study in its entirety. This report will serve as the third-party report required under 1SO
14044 section 5.2 when the results of a life cycle study are to be shared with anyone
other than the study commissioner and practitioner.”

Are the objectives, scope, and boundaries of the study clearly identified?

As stated above, objectives, scope, and boundaries are very clearly identified.

A significant part of the scope is the choice of functional unit. The functional unit is an
equivalent number of plates (the number 10,000 is used in the report). The plates are
assumed to be a 4.68 gram foam plate or a 12.1 gram coated paperboard plate. The
heavier weight of the coated paperboard plate provides equivalent strength to the
polystyrene (PS) foam plate. The authors of the study note, in their Key Observations and
Conclusions (page ES-12) that the assumed weights of the plates are just one choice
among many scenarios for grades and weights of disposable plates in the marketplace,
and note that different choices of plate grade and weight could lead to different
conclusions.

If Pactiv chooses to make this report public, a rationale for the choice of plate grade and
weight, for both paper and resin plates, should be included to supplement the report.

Franklin response: Under the section Key Observations and Conclusions (found at
the end of both the Executive Summary and Chapter 2), the final bullet point states
“The weights of plates evaluated in this analysis were provided by Pactiv for a current
foam plate manufactured by Pactiv and a representative coated paperboard plate that
competes in the marketplace with that foam plate.” This information has been added
to the Systems Studied section of the Executive Summary and Chapter 2 to make the
information more readily accessible to the reader.

Are the assumptions used clearly identified and reasonable?

ISO 14044:2006, Section 4.3.3.1 states, “All calculation procedures shall be explicitly
documented, and the assumptions made shall be clearly stated and explained.” In Section
5.1.1 the Standard further explains, “The results, data, methods, assumptions, and
limitations shall be transparent and presented in sufficient detail to allow the reader to
comprehend the complexities and trade-offs inherent in the LCA.” Transparency and
reproducibility are cornerstones of 1SO14044:2006. Franklin Associates is to be
commended for the outstanding job they have done in making this report transparent.

With minor exceptions, the assumptions are clearly and carefully described. However, a
few issues require clarification and consideration of others would enhance the LCI.

e Greenhouse gas emissions from landfills

One of the key observations and conclusions from the study is that “landfilling is
more favorable [for minimizing greenhouse gas production] for the foam plate system
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as compared to the paperboard systems” (page ES-12). This conclusion is based on
the assumption that all the cellulose and hemicellulose in paperboard plates will
decompose in landfills, producing approximately equal molar amounts of carbon
dioxide and methane, while the PS resin does not decompose in the landfills (pages 1-
14 to 1-16). While the report appropriately notes that this assumption will produce an
upper bound estimate for the end-of-life greenhouse gas production from paperboard
products, some additional comments and analysis would strengthen the report.
Specifically, references to the scientific literature documenting under what conditions
cellulose and hemicellulose completely degrade in landfills (e.g., what conditions
were used in reference 4), and how common those conditions are in municipal
landfills should be added. Similar references, regarding the lack of degradation of
polystyrene, should also be added (this material is not covered in reference 4).

The emissions of greenhouse gases from landfills are also dependent on the assumed
percentage of landfill methane that is recovered and combusted. The study makes
clear the assumptions that are made regarding landfill methane combustion, however,
it is also noted that it is likely that these percentages may change over time (page 1-
17). A sensitivity analysis, in which additional combustion of methane from landfill
gases was assumed, would be informative.

Franklin response: The End of Life Management section in Chapter 1 has been
revised to use the experimental degree of decomposition from the Barlaz study as
the upper limit for the degradation of the cellulose and hemicellulose fractions of
the material, rather than 100% decomposition of these fractions. A description has
been added of the landfill simulation conditions used in the Barlaz experiment.
The U.S. EPA report on Solid Waste Management and Greenhouse Gases has
been added as a reference for the statement that polystyrene does not degrade in
landfills.

A section on sensitivity analysis for end-of-life global warming potential has been
added to Chapter 2. This section includes an uncertainty discussion
acknowledging the variability in actual landfill conditions and the resulting
uncertainty in actual decomposition rates compared to the Barlaz experimental
results. The sensitivity analysis results shown in this added section consider the
effect of different degrees of decomposition as well as the effect of increased
management of landfill gas by flaring and by WTE combustion. The study uses
Barlaz decomposition of office paper to represent decomposition of the bleached
paperboard content of the plate, since office paper is the grade of paper most
chemically similar to the paperboard substrate in the plate. In order to gain some
perspective on the potential effect of the presence of coatings in inhibiting
decomposition, another set of sensitivity results was run using Barlaz
decomposition data for coated magazine paper. However, as noted in the
discussion, the coated magazine paper results cannot be considered directly
applicable to coated paper plates because there are significant differences between
the plates and magazine paper in terms of the composition of the paper substrate,
the types of coatings used, and the weight percent coating.
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Are the sources of data clearly identified and representative?

The study authors have very clearly identified data sources and taken significant steps to
assure the representativeness of that data. This study draws upon the Franklin US LCI
database, which is the most extensive US LCI database available, and other data sources
identified in the report.

Is the report complete, consistent, and transparent?

The report is complete, consistent, and transparent.

A few minor questions arose while reviewing the report:

e On page ES-2, the data on the mass required for 10,000 plates does not seem to add
up; the bulleted items do not sum to the 172 pounds listed in the text. Similar data are

reported on page 2-3.

Franklin response: The discussion has been revised to clarify the description of
material flows so that the mass balance is clear.

e The material presented on page 2-24 and in Table 2-8 was confusing. | assumed that
this section does not include end-of-life processes. This should be clarified.

Franklin response: The section has been revised to clarify that the discussion applies
to process and fuel-related emissions up to the point of landfilling and does not
include the GWP associated with end-of-life decomposition or combustion of
materials.

Are the conclusions appropriate based on the data and analysis?

The conclusions are appropriate based on the data and analysis.
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Statement of Work

Peer Review of Study:
LIFE CYCLE INVENTORY OF FOAM AND COATED PAPERBOARD PLATES

Pactiv has requested an independent peer review of the study “Life Cycle
Inventory of Foam and Coated Paperboard Plates” that was recently conducted by
Franklin Associates, Ltd. Pactiv plans to make the full peer-reviewed report publicly
available. The intended use of the study does not include comparative assertions, defined
in ISO 14044 section 3.6 as “environmental claim regarding the superiority or
equivalence of one product versus a competing product that performs the same function.”

The purpose of the peer review is to ensure that the LCI is consistent with ISO
standards specific to life cycle analysis. The peer review panel is comprised of one LCA
expert familiar with LCI methodology and principles. In accordance with the critical
review requirements laid out in ISO 14044 section 6.1, the peer reviewer will review the
LCI report using the following criteria:

Are the methods used to carry out the study consistent with ISO 14040/14044?
Are the methods used to carry out the study scientifically and technically valid?
Avre the data used appropriate and reasonable in relation to the goal of the study?
Do the interpretations reflect the limitations identified and the goal of the study?
Is the study report transparent and consistent?

The reviewer shall summarize his comments in a report to be submitted to
Franklin Associates, Ltd. by April 15, 2008. If requested by Franklin Associates after
submission of the report, the reviewer shall provide clarification and explanation of his
comments in a timely manner via telephone, email, or fax.
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COMMENTS on POST-PEER REVIEW REVISIONS

of

LIFE CYCLE INVENTORY OF
FOAM AND COATED PAPERBOARD PLATES

Prepared for

FRANKLIN ASSOCIATES, LTD.
and
PACTIV

by

Dr. David Allen
University of Texas

April 20, 2008

Franklin Associates, responded to the comments raised in the original review of this
report and | have no additional comments on the revisions.

Franklin Associates made additional changes to the report to reflect EPA guidance on the
crediting of greenhouse gas emissions for landfilled materials made of plastic derived
from fossil fuels. The guidance states: “Plastic in a landfill represents simply 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, no change has occurred
in the overall amount of carbon stored.” The authors have followed this guidance in their
revised calculations for greenhouse gas emissions and have noted that to be consistent
with the EPA view that landfilling returns carbon to a geological stock, then the
landfilled carbon should result in an energy credit. The authors state: “If landfilling is
modeled as a means of returning the carbon content of plastic product to carbon stocks,
then it is consistent to model the energy content of the landfilled plastic as being returned
to the available energy pool.” I note that this assumption initially seems reasonable and
consistent with the method for addressing greenhouse gas credits. However, this now
introduces an inconsistency with the assumption that the resin products do not degrade in
the landfill. If it is assumed that the landfilled fossil carbon will not make landfill gas, we
are forced to assume that some new technology will enable recovery of this carbon (some
other form of mining landfills) for energy uses. In their analyses, Franklin Associates
generally only considers as fuels those carbon sources that are currently in widespread
use, and alternative methods of extracting energy from landfill materials (other than
landfill gas) are not currently in wide use. This creates a consistency issue in taking an
energy credit for landfilled material that does not produce landfill gas.
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It is not clear to me how to make all of these assumptions consistent. If no energy credit
is taken for fossil carbon returned to landfills, then there is a consistency problem with
the assumption implicit in the EPA guidance that the carbon is returned to a reservoir as
recoverable carbon. On the other hand, taking an energy credit for this landfilled material
is inconsistent with the methods Franklin Associates usually uses in calculating energy
use.

| suggest that the authors of the report the consistency issues associated with these
assumptions, and then clearly note the extent to which these assumptions influence the
conclusions of the report.

Franklin response: As noted by the reviewer, there are indeed challenges in
developing a carbon and energy accounting approach that is consistent with both the
EPA’s methodology and Franklin’s energy of material resource accounting
methodology. The reason for the revision to the energy accounting methodology is
for consistency with the EPA carbon accounting approach, as described in Franklin’s
statement “If landfilling is modeled as a means of returning the carbon content of
plastic product to carbon stocks, then it is consistent to model the energy content of
the landfilled plastic as being returned to the available energy pool.”

As the reviewer notes, recovery of landfilled material for energy use is not currently
practiced. Franklin clearly acknowledges that landfills are a very different type of
energy stock than oil deposits. The point of the energy accounting revision is to
distinguish between the amount of fossil energy withdrawn from energy stocks to
produce the fossil-derived resins used in the plate systems and the amount of this
energy that is actually expended. Rather than charging the plate systems with
irrecoverable loss of all of the energy value of the resources extracted for use in the
plate systems, the revised energy accounting approach simply quantifies the amount
of the extracted fossil energy that has not been consumed during the life cycle of the
plate. This energy is available for future use should the material be recovered from
the landfill. Just as the EPA carbon accounting approach does not speculate whether
the carbon returned to carbon stocks will be permanently sequestered or someday
released, the energy accounting does not make projections on whether the landfilled
plastics may someday be recovered and utilized. The headings of the columns in
revised Table 2-2 were carefully chosen to describe the energy content without
judgment on the likelihood of recovery of the material for energy or other future use.
The energy is not referred to as an actual recovered credit but rather is treated as
potential energy leaving the boundaries of the plate system when the material is
placed in a landfill.

The only area in which the revised energy accounting affects results is in the
calculation of net energy consumption. Solid waste results are not affected since there
is no change in the quantity of material landfilled. GWP results are not affected since
the landfilled material remains inert and does not produce emissions. The net energy
for the foam plates is significantly less than net energy for the paperboard plates
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regardless of energy accounting approach. There is no change from the original
conclusions regarding the net energy comparison for foam and paperboard plates and
so no added explanation is necessary in the report.

*The revisions to the original report are appended to these comments, with revised text
shown in red.

SECTIONS REVISED AFTER PEER REVIEW
CHAPTER 2

Net Energy. The energy requirements shown in Table 2-1 reflect the total
withdrawals from the energy pool required to produce each plate system. However, not
all of this energy is actually expended. Table 2-2 details the adjustments to the total
energy used to determine the net energy consumption for each plate system. Energy of
material resource plays a key role in the energy accounting for fossil-derived plastic
resins.

The U.S. EPA report Solid Waste Management and Greenhouse Gases: A
Life-Cycle Assessment of Emissions and Sinks contains the following description of
the methodology used to address carbon in plastic products that are landfilled: “Plastic in
a landfill represents simply 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, no change has occurred in the overall amount of carbon stored.” 25 This
accounting approach has implications not only for carbon tracking for fossil-derived
plastic resins, but also for tracking the energy content of fossil-derived plastic material
that is landfilled.

If landfilling is modeled as a means of returning the carbon content of plastic
product to carbon stocks, then it is consistent to model the energy content of the
landfilled plastic as being returned to the available energy pool. Compared to a crude oil
deposit, plastic plates mixed with other municipal solid waste in a landfill represents an
energy stock that is much different in physical form and availability for extraction.
Nonetheless, this approach is consistent with the approach used for carbon accounting
and can be justified from the standpoint of a material and energy balance.

As described in Chapter 1, the energy accounting methodology used in this report
tracks the energy value of petroleum and natural gas that is extracted from the earth for
use as material feedstocks to produce PS and LDPE resins. This energy value is referred
to as energy of material resource (EMR) and is shown in Table 2-1 under the heading
“Fossil EMR.” Because of losses in processing and converting operations, the energy

25 U.S. EPA. Solid Waste Management and Greenhouse Gases: A Life-Cycle Assessment of
Emissions and Sinks. Third Edition. September 2006. Section 1.3, subsection Carbon Stocks, Carbon
Storage, and Carbon Sequestration. Page 6.
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content of the plastic resin is less than the energy value of the extracted resources; thus,
there is some net expenditure of the EMR. However, some of the EMR remains
embodied in the plastic resin (i.e., as the material’s heating value in Btu per pound). This
is potentially recoverable energy rather than expended energy.

In the first three columns of Table 2-2, the total energy requirements from Table
2-1 are adjusted for the energy content of the fossil-derived plastic returned to the earth
when 80 percent of postconsumer material is landfilled. The expended energy is
calculated as the total energy minus the energy content in the fossil material landfilled.

Table 2-2 also includes adjustments for energy recovery from production and
disposal of each plate system. The resin energy credit reflects energy exported from
processes occurring in the upstream steps leading to production of resins used in the
plastic plates, coatings, and film sleeves. The “WTE and LF Gas Credit” column shows
the energy credit for the useful energy recovered through WTE combustion of the 20
percent of postconsumer plates and packaging that are managed by this method, as well
as a credit for WTE combustion of landfill methane recovered from decomposition of the
paperboard materials in the plate systems. The gross heat of combustion is adjusted for
the efficiency of converting the heat to useful electricity. (It should be noted that fossil
CO;, emissions associated with WTE combustion of 20 percent of postconsumer material
are included in the GWP reported in Table 2-7, while there are no CO, releases from the
80 percent of the plastic that is placed in the landfill.)

Table 2-2 shows that a significant percentage of fossil EMR remains in fossil-
derived plastic resins at the end of their useful life. For the PS foam system, net energy
consumption is 66 percent of the total energy requirements. For the paperboard plates, the
energy content of the resin coatings on landfilled plates accounts for the largest share of
the energy credits. Although some energy is recovered from WTE combustion of
postconsumer material and landfill gas from decomposition of paperboard plates, the
average efficiencies for converting this heat to useful energy are low and the resulting
energy credits are small.

Figure 2-2 shows a comparison of total energy consumption (corresponding to

Figure 2-1) and net energy consumption after adjustment for unexpended EMR, resin
energy credits, and WTE and LF gas combustion credits.
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Polystyrene Foam

Plate

Packaging
Disposal

Total

Total Energy
(no EMR for
biomass)

4.89
0.28
0.05
5.22

LDPE-Coated Paperboard

Plate

Packaging
Disposal

Total

PS-Coated Paperboard

Plate

Packaging
Disposal

Total

* Represents amount of fossil energy of material resource from Table 2-1 that remains in landfilled fossil-derived resins. This is

6.81
0.06
0.05
6.91

6.95
0.06
0.05
7.06

Table 2-2. Net Energy Results

(Million Btu per 10,000 Plates + Packaging)

Energy Content
of Fossil
Material

Landfilled*

(1.39)
(0.05)

(1.44)

(0.43)
(0.01)

(0.44)

(0.38)
(0.01)

(0.39)

Expended Resin Energy WTE & LF Net Energy
Energy Credits Gas Credit Consumption
3.50 (0.29) (0.06) 3.15

0.24 (0.01) (0.004) 0.23

0.05 0.05

3.79 (0.29) (0.07) 3.43

6.38 (0.05) (0.17) 6.16

0.05 (0.001) (0.001) 0.05

0.05 0.05

6.48 (0.05) 0.17) 6.25

6.57 (0.08) (0.17) 6.32

0.05 (0.001) (0.001) 0.05

0.05 0.05

6.67 (0.08) (0.17) 6.42

calculated as the higher heating value of each resin multiplied by the pounds landfilled (80% of the postconsumer material).

Million Btu/10,000 Plates + Packaging

Figure 2-2. Comparison of Total and Net Energy Consumption for Plate Systems,
Excluding Biomass EMR (10,000 Plates + Packaging)

B Net
7 B Total

PS Foam

LDPE Ppbd
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(Global Warming Potential section)

...Columns 5 through 7 of Table 2-7 show the GWP associated with landfilling
80 percent of postconsumer plates and packaging. Column 5 reports the estimated GWP
from fugitive methane releases from decomposition of paperboard plates and corrugated
packaging that are landfilled. It is important to note that these are the cumulative releases
of methane, which will occur over a period of years as the material slowly decomposes
anaerobically in the landfill. (As noted in Chapter 1, CO, from combustion or
decomposition of biomass-derived materials such as paperboard is considered carbon
neutral and is not included in the GWP results.) Column 6 shows the GWP credit for the
grid electricity that is displaced by the electricity produced with energy recovered from
WTE combustion of the cumulative quantity of captured landfill gas from decomposition
of paperboard plates and packaging. Column 7 shows the CO, sequestration credit, based
on the carbon content of landfilled biomass-derived material that does not decompose.

The combined results for the three landfill results columns show that landfilling
has more favorable net results for the foam plate system than for paperboard plate
systems. PS has a high carbon content and does not decompose to produce methane in
landfills. The only landfill methane emissions (and landfill gas credits) for the foam plate
system are associated with disposed corrugated packaging used to ship the plates.

When paperboard plates are landfilled, some of the biomass carbon in the
paperboard degrades, as described in Chapter 1. Some of the methane produced is
captured and burned to produce electricity, resulting in the grid electricity displacement
credit shown in column 6. Some methane oxidizes in the landfill, and some is captured
and flared, converting the methane back to carbon-neutral biomass CO,. The GWP for
the methane that is released as methane is shown in column 5. Table 2-7 shows that, for
the paperboard plates, the GWP for the cumulative fugitive methane emissions is greater
than the credits for landfill gas WTE and carbon sequestration in the landfilled material
that does not decompose (columns 6 and 7).

The second-to-last column of Table 2-7 shows the net GWP when the process,
fuel, and individual end-of-life GWP burdens and credits are summed. The net results for
the foam plate system are less than half of the GWP results for the equivalent number of
paperboard plates.

GWP results for each plate system are presented graphically in Figures 2-6 and 2-
7. Figure 2-6 shows the individual GWP contributions from process emissions, fuel-
related emissions, and end-of-life management of plates and packaging. As shown in the
light blue segment of Figure 2-6, the net effect of the estimated GWP additions and
credits from end-of-life management is a small net increase in GWP for the foam plate
system and a larger net increase in GWP for the coated paperboard plate systems.

Figure 2-7 shows that when all three categories of GWP are added (process, fuel-

related, and end of life), the net life cycle GWP for the paperboard plate system is over
twice as high as that for the foam plate system.
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Table 2-7. Global Warming Potential for 10,000 Plates + Packaging
(Pounds of CO2 Equivalents per 10,000 Plates + Packaging)

20% WTE
combustion WTE offset LFG offset CO02 equiv for Net Percent by
Process Fuel emissions credit LF methane credit Cseq GWP Component

Polystyrene Foam
Plate 94.5 357 69.9 (31) 0 0 0 490 92.6%
Packaging 0.95 28.6 1.78 @) 4.52 ©0) ©)] 311 5.9%
Disposal 0 7.83 7.83 1.5%
Total 95.4 393 716 (33) 4.52 0) 3 529
LDPE-Coated Paperboard
Plate 12.7 694 16.8 (41) 578 (46) (20) 1,195 98.8%
Packaging 0.20 6.02 0.37 0) 0.95 0.1) ()] 6.54 0.5%
Disposal 0 8.10 8.10 0.7%
Total 12.9 709 171 (41) 579 (46) (20) 1,210
PS-Coated Paperboard
Plate 17.4 717 18.1 (40) 578 (46) (20) 1,225 98.8%
Packaging 0.20 6.02 0.37 0) 0.95 0.1) (@] 6.54 0.5%
Disposal 0 8.10 8.10 0.7%
Total 17.6 732 18.4 (40) 579 (46) (20) 1,240

Figure 2-6. Total Global Warming Potential by Category for Plate Systems
(10,000 Plates + Packaging)

1,400

O Estimated GWP from EOL Mgmt
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B GWP for Process Emissions
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Figure 2-7. Net Global Warming Potential for Plate Systems
(10,000 Plates + Packaging)
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Bullet point added to Key Observations and Conclusions

o Net Energy: A significant portion of fossil EMR remains in fossil-derived
material that is sent to landfills for end-of-life management, both in foam
plates and in paperboard plate coatings. Some energy is also recovered
from postconsumer materials that are managed by WTE combustion, as
well as from WTE combustion of landfill gas produced from paperboard
decomposition.

Note that the changes shown for Chapter 2 were also carried over to the
corresponding discussion in the Executive Summary.

CHAPTER 1
End of Life Management

In the U.S., municipal solid waste (MSW) that is not recovered for recycling or
composting is managed 80 percent by weight to landfill (LF) and 20 percent by weight to
waste-to-energy (WTE) incineration.26 Thus, the calculations of the GWP impacts for
discarded plates and packaging are based on a scenario in which 80 percent of the
postconsumer plates and packaging goes to landfill and 20 percent to WTE combustion.

26 .S EPA. Municipal Solid Waste Facts and Figures 2005. Accessible at
http://www.epa.gov/msw/msw99.htm.
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In this study, estimates of the end results of landfilling and WTE combustion are
limited to global warming potential effects. There are GWP contributions from WTE
combustion of postconsumer plates and packaging and from fugitive emissions of landfill
methane from decomposition of paperboard plates and corrugated packaging. There are
also GWP credits for grid electricity displaced by the generation of electricity from WTE
combustion of postconsumer plates and packaging and from WTE combustion of
methane recovered from decomposition of landfilled plates and packaging. Some carbon
is also sequestered in the biomass-derived plates and packaging that do not decompose.
The U.S. EPA greenhouse gas accounting methodology does not assign a carbon
sequestration credit to landfilling of fossil-derived materials because this is considered a
transfer between carbon stocks (from oil deposit to landfill) with no net change in the
overall amount of carbon stored.27

In this study, decomposition of landfilled paperboard plates and corrugated
packaging is modeled based on the maximum decomposition of paper and paperboard
materials in landfill simulation experiments conducted by Dr. Morton Barlaz, et al. 28
The landfill simulation experiments conducted by Dr. Barlaz analyzed decomposition of
office paper, clay-coated magazine paper, newspaper, and corrugated. Plastic-coated
paperboard foodservice items were not included in the simulated landfill experiments.
This analysis uses experimental data on office paper to estimate decomposition of the
bleached paperboard content of the paper plate. It is likely that the coating on the plates
will delay or significantly inhibit decomposition of the paper. Because of the potential
effect of the plastic coating, and because the landfill simulation experiments were
designed to maximize decomposition, the estimates presented here should be considered
an upper limit for landfill gas generation from decomposition of paperboard plates and
corrugated packaging. Alternative results for modeling a lesser degree of decomposition
are shown in the end-of-life sensitivity analysis in Chapter 2.

Decomposition of coated magazine paper is an alternative surrogate from the
Barlaz study that could be used for modeling decomposition of the coated paperboard
plate; however, there are several important differences between coated magazine paper
and coated paperboard plates: (1) magazine paper contains some groundwood pulp,
which has a higher degree of lignin than foodservice paperboard, (2) the magazine paper
coating is clay, compared to resin coatings used on the paper plate, and (3) approximately
1/3 of the weight of the coated magazine paper is coating, compared to a coating weight
of 10 percent modeled for the coated plates. Alternative results for modeling
decomposition of the paperboard content in the plates based on decomposition of the
paper content of clay-coated magazine paper are shown in the end-of-life sensitivity
analysis in Chapter 2.

27 U.S. EPA. Solid Waste Management and Greenhouse Gases: A Life-Cycle Assessment of
Emissions and Sinks. Third Edition. September 2006. Section 1.3, subsection Carbon Stocks, Carbon
Storage, and Carbon Sequestration. Page 6.

28 Barlaz, Morton, et al. “Biodegradability of Municipal Solid Waste Components in Laboratory-Scale
Landfills.” Published in Environmental Science & Technology. Volume 31, Number 3, 1997.
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For paper and paperboard materials, the cellulose and hemicellulose fractions of
the material decompose to some extent, while the lignin fraction of the material tends to
decompose to a much lesser extent under anaerobic conditions. Thus, the potentially
degradable carbon content of the landfilled material is based on its cellulose and
hemicellulose content. Based on the cellulose, hemicellulose, and lignin percentages in
each material, and the carbon content of each fraction, the total carbon content of
bleached office paper is calculated as 44.1 percent by weight (42.6 percent potentially
degradable carbon in the cellulose and hemicellulose fractions, 1.5 percent carbon in
lignin). The total carbon content of corrugated is calculated as 43.2 percent (29.9 percent
potentially degradable, 13.3 percent in lignin), and the total carbon content of clay-coated
magazine paper is 32.6 percent by weight (23.1 percent potentially degradable, 9.6
percent in lignin). It should be noted that the overall biomass carbon content percentages
for the coated magazine paper reflect a composition that is about 2/3 by weight paper and
1/3 coatings and fillers. For the paper fraction of the coated magazine paper, the carbon
content is calculated as 48.9 percent biomass carbon by weight (34.6 percent potentially
degradable, 14.3 percent in lignin).

In the Barlaz experiments, the following conditions were used to simulate
enhanced decomposition in a landfill: addition of a seed of well-decomposed refuse to
help initiate decomposition, incubation at about 40°C, and leachate recycling and
neutralization. The maximum degree of decomposition for the cellulose and
hemicellulose fractions of office paper was 98 percent and 86 percent, respectively. In the
corrugated samples, the degree of decomposition was 64 percent for the cellulose and 62
percent for the hemicellulose. For clay-coated magazine paper, decomposition of the
cellulose was 46 percent, and 42 percent for the hemicellulose. Overall, 41 percent by
weight of the office paper, 19 percent by weight of the corrugated, and 10 percent by
weight of the coated magazine paper degraded to produce CO, and methane. (For the
coated magazine paper, the overall percent degradation of the paper content of the coated
paper, excluding the weight of the coating, was 15.6 percent.) The remaining biomass
carbon content of each material did not degrade.

The composition of landfill gas as generated is approximately 50 percent by
volume methane and 50 percent by volume CO,. Currently, about 53 percent of methane
generated from solid waste landfills is converted to CO, before it is released to the
environment. Twenty-three percent is flared, 25 percent is burned with energy recovery,
and about 5 percent is oxidized as it travels through the landfill cover.29 Biomass CO;
released from decomposition of paper products or from oxidation of biomass-derived
methane to CO, is considered carbon neutral, as the CO; released represents a return to
the environment of the carbon taken up as CO, during the plant’s growth cycle and does
not result in a net increase in atmospheric CO,. Thus, biomass-derived CO; is not
included in the GHG results shown in this analysis. Methane releases to the environment
from anaerobic decomposition of biomass are not considered carbon neutral, however,

29 U.S. EPA. Draft Inventory of U.S. Greenhouse Gas Emissions and Sinks: 1990-2006 (February
2008). Calculated from 2006 data in Table 8-4. Accessible at
http://www.epa.gov/climatechange/emissions/usinventoryreport.html.
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since these releases resulting from human intervention have a higher global warming
potential (GWP) than the CO; taken up or released during the natural carbon cycle.

The U.S. EPA’s Landfill Methane Outreach Program (LMOP) Landfill
Database30 indicates that the majority of landfill gas burned with energy recovery is used
to produce electricity. The gross energy recovered from combustion of LF gas from each
material is converted to displaced quantities of grid electricity using an efficiency factor
of 1 kWh generated per 11,700 Btu of LF gas burned.31 Each plate system is credited
with avoiding the GWP associated with production of the offset quantity of grid
electricity.

For the carbon that remains fixed in the landfilled biomass-derived material (e.qg.,
in the undecomposed portion of the paper plate and corrugated packaging), a
sequestration credit is given for the equivalent pounds of CO, that the sequestered carbon
could produce.

Waste-to-energy combustion of postconsumer material is modeled using a similar
approach to the landfill gas combustion credit. However, for WTE combustion of plates
and packaging, the CO, releases are modeled based on the total carbon content of the
material oxidizing to CO,. For combustion of paperboard, the CO, produced is
considered carbon-neutral biomass CO,, while the CO, from combustion of PS resin and
paperboard plate coatings is fossil CO,.

The gross heat produced from WTE combustion is calculated based on the pounds
of material burned and the heating value of the material. The heat is converted to kWh of
electricity using a conversion efficiency of 1 kWh per 19,120 Btu for mass burn
facilities32, and a credit is given for avoiding the GWP associated with producing the
equivalent amount of grid electricity.

The net end-of-life GWP for each plate system is calculated by summing the
individual impacts and credits described above, based on 80 percent landfill and 20
percent WTE combustion of the postconsumer plates and packaging.

Limitations of End-of-Life Modeling Approach. As noted, the landfill methane
calculations in this analysis are based on the aggregated emissions of methane that may
result from decomposition of the degradable carbon content of the landfilled material.

30 Operational LFG energy projects spreadsheet, sorted by LFGE utilization type and project type.
Accessible at http://www.epa.gov/Imop/proj/#1.

31 | MOP Benefits Calculator. Calculations and References tab. Accessible at
http://www.epa.gov/Imop/res/Ifge benefitscalc.xls

32 U.S. EPA. Solid Waste Management and Greenhouse Gases: A Life-Cycle Assessment of
Emissions and Sinks. Third Edition. September 2006. Chapter 5 Combustion, section 5.1.5.
Calculation is based on 550 kWh produced per ton of MSW burned, with a heat value of 5,000 Btu per
pound of MSW. For mass burn facilities, 523 kWh of electricity are delivered per 550 kWh generated.
Full report and individual chapters of the report are accessible at
http://www.epa.gov/climatechange/wycd/waste/SWMGHGreport.html
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The long time frame over which those emissions occur has implications that result in
additional uncertainties for the landfill methane GWP estimates.

In this analysis, the management of the aggregated landfill methane emissions is
modeled based on current percentages of flaring, WTE combustion, and
uncaptured releases. Over time, it is likely that efforts to mitigate global warming
will result in increased efforts to capture and combust landfill methane.
Combustion of biomass-derived methane converts the carbon back to CO»,
neutralizing the net global warming impact. In addition, if the combustion energy
is recovered and used to produce electricity, there would be GWP credits for
displacing grid electricity. With increased future capture and combustion of
landfill methane, the future net effect of landfill methane could gradually shift
from a negative impact to a net credit. Chapter 2 contains some sensitivity
analysis to evaluate the potential effects of increased landfill gas capture and
destruction.

Although the landfill methane releases occur gradually over many years, the
modeling approach used here models the impacts of the aggregated emissions
using 100-year global warming potentials. This is consistent with the use of 100-
year global warming potentials used for all other life cycle greenhouse gas
emissions. Future refinements to end-of-life modeling may include time-scale
modeling of landfill methane emissions; however, this is not part of the current
study.
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