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FOREWORD

Today’s rapidly developing and changing technologies-and industrial products and practices
frequently carry with them the increased generation of materials that, if improperly dealt with,
can threaten both public health and the environment. The U.S. Environmental Protection
Agency (EPA) is charged by Congress with protecting the Nation's land, air, and water
resources. Under a mandate of national environmental laws, the Agency strives to formulate
and implement actions leading to a compatible balance between human activities and the abil-
ity of natural systems to support and nurture life. These laws direct the EPA to perform
research to define our environmental problems, measure the impacts, and search for solutions.

The Risk Reduction Engineering Laboratory is responsible for planning, implementing, and

' managing research, development, and demonstration programs to provide an authoritative,
defensible engineering basis in support of the policies, programs, and regulations of the EPA
with respect to drinking water, wastewater, pesticides, toxic substances, solid and hazardous
wastes, and Superfund-related activities. This publication is one of the products of that re-
search and provides a vital communication link between the researcher and the user
community.

This document is written in a manner to be useful to a broad audience. This audience includes
organizations currently conducting studies, those intending to conduct such studies, and those
interpreting studies done by other organizations. By providing a template for generalizing the
inventory development process and describing a set of riles to assist in making necessary
assumptions regarding, for example, assessment boundaries, data quality and coverage, and
equivalency of use in a consistent fashion, the guide should reduce the tendency for studies to
be published with dpparently contradictory conclusions. The added methodological structure
should also aid organizations in reading, evaluating, and applying the results of inventories by
articulating desired quality milestones.

E. Timothy Oppelt, Director
Risk Reduction Engineering Laboratory




ABSTRACT

This document describes the three components of a life-cycle assessment (inventory analysis,
impact analysis, and improvement analysis) as well as scoping activities, presents a briaf over-
view of the development of the life-cycle assessment process, and develops guidelines and prin-
ciples for implementation of a product life-cycle assessment. The major stages in a life cycle
are raw materials acquisition, manufacturing, consumer use/reuse/maintenance, and recycie/
waste management. The basic steps of performing a life-cycle inventory (defining the goals and
system boundaries, including scoping; gathering and developing data; presenting and reviewing
data; and interpreting and communicating results) are presented along with the general issues
to be addressed. The system boundaries, assumptions, and conventions to be addressed in each
stage of the inventory are presented. Life-cycle impact analysis and life-cycle improvement
analysis will be topics of forthcoming guidance documents.

This report was submitted by Battelle in fulfillment of Contract No. 68-C0-0003 under the
sponsorship of the U.S. Environmental Protection Agency. Technical effort leading to this
report covers a period from August 1990 to May 1981. The draft report was completed in Sep-
tember 1991. Following a comment period, this final report was prepared between March and
November 1992.
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SUMMARY AND INDEX OF
GUIDING STATEMENTS
AND KEY PRINCIPLES

This summary combines the key principles and recommendations from within the body
of the report into one list for quick reference. Page numbers indicate the location of
each item in the text.
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CHAPTER ONE
Life-cycle assessment is a concept to evaluate the environmental effects associated with
any given activity from the initial gathering of raw material from the earth until the point
at which all residuals are returned to the €arth. ............cccceeerererurernsersnnnescsesessnssssseessisseasesessonns 1

Life-cycle assessment consists of three complementary components inventory analysis,
impact analysis, and improvement analysis. ..........ccccesnissssassesescsnessacacsesssnsassrnesssaserensesasssssasasees 2

The newest aspects of life-cycle assessment are goal definition and scoping analysxs which
serve to tailor the scope and boundaries to the StudY. ............cueumscesssssimmssssssssscensrienssessssnne. 2

CHAPTER TWO

Life-cycle inventories may be used both internally by organizations to support decisions

in implementing improvements and externally to inform decisions, with external
applications requiring a higher standard of accountability. .........c..ccceeeeeerereecrecrnennanenercnenneennnne. 4

Life-cycle inventory analyses can be used in process analysis, material selection, product
evaluation, product comparison, and policy-making. ..........ececsseasaesecesesssssasansesesnsarsencrenenesenncns 4

Life-cycle assessment is not necessarily a linear or stepwise process. Information from
any one component can complement that from the others ..........c.ccccrvveriecinsncenseinnsnaernicenenee. 5

For internal applications, scoping may be an informal process undertaken by project
staff, whereas external applications may require establishment of a multi-organization
group and a formal scoping Procedure ................simiiisssinsssissssssssssssssssssassesesssensene 8

To calculate the total results for the entire life cycle, energy and solid waste mass or
volumes can be summed. Other releases should not be summed, except in specnﬁc
circumstances of business confidentiality..........cccosssiusnsnsersnsessesansinnmssnsnnsssensssnsinsnnninnnne 10
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CHAPTER THREE
Clear definitions of the purposes and boundaries of a life-cycle inventory analysis
help ensure that the results will be validly interpreted. 14

The specificity of a life-cycle inventory may range from completely generic to entirely
product-specific, with most studies falling somewhere in between. Data collection and

results interpretation are strongly influenced by study Specificity..........ccccceccssesrsnsesnsrrarvecnnes 15
In life-cycle inventory analysis, the term “system” refers to a collection of operations
that together perform some defined function.. . ..16
A broad-based life-cycle inventory vegins with raw materials and continues through
final disposition, accounting for every significant step in a product system. ............c........... 16

Understanding the consequences of narrowing study boundaries is important for
evaluating tradeoffs between the ability of the inventory to address the environmental

attributes and cost, time, Or Other fACOrS ........cccecsescrersnssassssrarsassasssssscsencsssassansasssnssnsassssassssasss 19
In a comparative life-cycle inventory, the basis of comparison should be equivalent
usage. Each system should be defined so that a functionally equal amount of product
or equivalent service is delivered to the CONSUMEL...........ccoeververssnnsseessasassoncsnsasnsnnsansssinenans 19
A general rule for excluding a step from a system is that in all alternatives compared,
that step is exactly the same in process, materials, and quantity........c.ccceeecersscercersreciucnranenne. 22
Equivalent usage for comparative studies can often be based on volume or weight.............. 23
The level of required detail should be evalusted in light of available funding and the
size of the system while maintaining the technical integrity of the study. .........c..ccoeureucn.... 23
After system boundaries are determined, a system flow diagram is developed which
depicts every operation contributing to the system function ..........cceeecereeecrcrecsccnseencncsecnnce 23
In studies intended for external application, the system flow diagram is often
incorporated into a formal scope, boundary, and data collection document ......................... 23
An inventory checklist is used to guide data collection and validation and
to enable construction of the computational model .........cccccecscesascicscransessisncensencarinssisncseaninnns 23
A peer review process, implemented early in a study, is recommended to address
scope/boundary methodology, data acquisition and compilation, validation of

- assumptions and results, and communication of results in any study to be used in )
@ PUDLIC fOTUIMN .....cciiiinninniiniinssnsncnsansninisisasssssssesssnsssssnsessrnsacssssasassassasensanssesssassossnsassnsnsssssins sos 26
Each subsystem requires input of materials and energy; requires transportation of
product produced; and has outputs of products, coproducts/by-products, solid waste,
atmospheric emissions, waterborne wastes, and other releases. ........cce.ccveueveaeseriiecncncnncnss 28
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Trim or off-spec materials reused within a process are considered part of an
internal recycling loop and are not included in the inventory, because they do
not cross the boundaries of the subsystem.

Page

_Many data sources are available to use in inventories. Well-characterized data from
industry are best for production processes.

When collecting data (and later, when reporting the results), protection of
confidential business information should be balanced with the need for full and
detailed analysis or disclosure. .............

For data on recycling rates and recycled material, consumers and processors may be
helpful. Trade associations and consumers of the recycled materials can also provide
QALA. couvirereriiassennesnrannsassenssssasasssssssmmsssssssesmsasessssassssssassensAse O AR OSSR RSB RS BRSO R S RS R
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A standard unit of output must be determined for each subsystem. All data could be
reported in terms of the number of pounds, kilograms, or tons of subsystem product..

When the data are at a consistent level, the energy and material requirements and
the environmental releases are attributed to the production of each coproduct, using
a technique called coproduct AllOCAtION. .......ccccceunicusssacersescsssesncncassensansasnsasssasesssansssssassnns

Once the inputs and outputs of each subsystem have been allocated, numerical
relationships of the subsystems within the entire system flow diagram can be
OStADliShed. ....ccrevnenncasnessnncsssnnnnsssnsennansesensasssnsscrsasasasssasassossssasonsssssensssssnsssnssasassasssasssasnce

« The overall system flow diagram is important in constructing the model because it
numerically defines the relationships of the individual subsystems to each other in
the production of the final PrOQUCL. ........cccccecreeseeencasnccneseresssesesasassssenssssasasasonssssssssessacsens

Sensitivity analyses of key elements in the system should be performed to estimate
the effect of uncertainties in the system.

The report should explicitly define the systems analyzed and the boundaries. All
assumptions made should be explained, the basis for comparison among systems
given, and equivalent usage ratios explained. ............cceecereencaccccesecarnencasnsassnsnnsasasasasanseses

Both graphical and tabular results presentation are valuable in data interpretation;
however, oversimplification is DOt aPPrOPriate. .........ceceeernscsusesrossnssssssasasssssssssasssasenaseses

Templates, or material and energy balance diagrams, are guides used to direct the
gathering and developing of data. ..............cconmersinucrnnsnsacensssasaesssnsasssssssessonsassssasasassassassanse
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Composite or average data are preferable when inventory results are to be used for
broad application across the industry, particularly in studies performed for public use.

Data time periods should be long enough to smooth out any deviations or variations in
normal operations. A fiscal year of production is usually sufficient.

' When no specific geographical data exist, practices that occur in other countries are
typically assumed to be the same as their domestic counterparts

Estimates can beé made for accidental emissions based on historical data pertaining to
frequency and concentrations of accidental emissions. ........ccccumeemeenevsssnesnsenassansennane

Energy and emissions involved with capital equipment can be excluded when the
manufacture of the unit of interest accounts for a minor fraction of the total output
produced over the life of the equipment. X

In many situations, personnel consequences are very small and would probably occur
whether or not the product is manufactured.

CHAPTER FIVE
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involved in acquiring raw materials and energy by tracing materials and energy back to
their sources.

When traditional fuels are used as raw materials, they are assigned an inherent energy
value equal to the heat of combustion of the raw material because the fuels have been
removed from the total fuel supply.

Energy requirements of a system are not reduced or credited for the use of
“renewable” resources instead of “nonrenewable” resources.
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Overburden from mining operations and wood left in forests due to the harvesting of

trees is not considered to be a solid waste, but land use changes may be quantified. ........... 71

Environmental emissions from drilling operations are allocated between crude oil
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MAain rAW MALETIAL ......covceirerssiessersssrerssmensssnssersasssnssosaarssnssssasasasssasssssasssssassessasssasasasssssassssss

Whenever a specific fuel is used in any of the processing or transportation steps, the
appropriate quantities of precombustion energy and emissions are included in the total
energy and emissions attributed to the use of that fuel. ........ccccccrneciricrsnncncnscnsersnssnnaanae
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Chapter One
INTRODUCTION

The concept of life-cycle assessment is to
evaluate the environmental effects associated
with any given activity from the initial gath-
ering of raw material from the earth until the
point at which all residuals are returned to
the earth. This concept, often referred to as
“cradle to grave” assessment, is not new.
While the practice of conducting life-cycle
studies has existed for more than 20 years,
there has been no comprehensive attempt to
describe the procedure in a manner that
would facilitate understanding of the overall
process, the underlying data, and the inher-
ent assumptions. The literature contains few
published assessments and even fewer peer-
reviewed publications describing the techni-
cal basis for life-cycle assessments. The
Society for Environmental Toxicology and
Chemistry (SETAC) life-cycle assessment

- technical framework workshop report pub-
lished in January 1991 summarizes the cur-
rent status of the field and outlines the
technical basis for life-cycle studies. The pur-
pose of this U.S. Environmental Protection
Agency inventory guidelines and principles
document is to provide guidance on the spe-
cific details involved in the conduct of life-
cycle studies.

Some of the most promising applications of
life-cycle assessment are for internal use by
corporations and regulatory agencies. By
developing and using information regarding
environmental effects that are both

“upstream” and “downstream” of the particu-
lar activity under scrutiny, a new paradigm is
created for basing decisions in both corporate
management and regulatory policy-making.
Recently, there has been a sharp increase in
the number of groups conducting life-cycle
assessments. Often, the results of these stud-
ies have been used to support public claims
about various products or processes. Predict-
ably, the results of these studies are often in
conflict, and somewhat dependent on the
group spoasoring the study. With the increas-
ing use of this information to gain a competi-
tive advantage in the marketplace, there is a
clear need for neutral, scientifically oriented,
consensus-based guidelines on the conduct of
life-cycle assessment.

The EPA has initiated a project to develop
such guidelines. The project involves a multi-
office EPA group devoted to addressing meth-
odological issues concerning life-cycle
assessments. This core group consists of rep-
resentatives from the Office of Research and
Development, Office of Solid Waste, Office of
Air Quality Planning and Standards, and
Office of Pollution Prevention and Toxics.
This inventory guidelines document is the
first in a series on conducting life-cycle
assessment studies. Additional documents
will follow as the knowledge and under-
standing of life-cycle assessment evolves.
Near-term efforts include the preparation of
documents that provide guidance on the
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impact analysis component, on data availabil-
ity, and on data quality issues for life-cycle
assessments. Improvement analysis and guid-
ance for streamlining life-cycle studies are
potential future products of this core group.
The EPA's life-cycle assessment project
includes using a consensus-building
approach and working in close coordination
with SETAC. As a scientific and professional
- society, SETAC has provided infrastructure, .
credibility, resources, and technical expertise
to the development of life-cycle concepts
both in the United States and intemationally.
Through the organization of a series of work-
shops, SETAC has overseen the development
of an emerging technical framework for the
conduct of life-cycle assessment.

Based on discussions at the 1990 SETAC
workshop, life-cycle assessment consists of
three components: inventory analys:: . impact
analysis, and improvement analysis. Jhis
document is intended to be a practical guide
to conducting and interpreting life-cycle
inventory analysis, which consists of an
accounting of the resource usage and envi-
ronmental releases associated with a product,
process, or activity throughout each stage of
its life cycle. Recently, the SETAC model has
been expanded to include an initial step of
goal definition and subsequent scoping analy-
sis. These newer aspects of the SETAC model
serve to tailor the scope and boundaries of
life-cycle studies to be appropriate with the
stated goals of the study. To the extent practi-
cable, this document incorporates the con-
cepts of goal definition and scoping as they
apply to life-cycle inventory analysis.

Recent SETAC activity also has begun to
define a conceptual framework for life-cycle

impact analysis. Preliminary findings of this
effort suggest that certain categories of

impacts may require expanded or modified
inventory data collection. To the extent that
these requirements can be anticipated, this
document i ncorporates the additional scope.
This document is not a “cookbook.” Given
the range of applications, it is not feasible to
provide “recipes” for every situation that
could be encountered. Instead, this guide
attempts to provide a rationale for ensuring
internal consistency of procedures for both
data acquisition and calculation used in life-
cycle inventory analyses. This document
relies heavily on practices that have been
used by some life-cycle practitioners and that
have evolved over many years. Certain deci-
sion rules in this guide are presented as spe-
cific recommendations because they have
proven to be practical over their years of use.
In other cases, where judgment is essential
regarding an assumption in the study, the
guide presents the relevant alternatives with
some of the associated advantages and disad-
vantages. There is full recognition within this
guide that the practice of life-cycle assess-
ment continues to evolve. This guidance
should be viewed as a starting point, captur-
ing a “snapshot” of the state of the science of
life-cycle inventory assessment. As the over-
all life-cycle assessment framework continues
to evolve, it is very likely that changes to the
inventory methods presented herein will be
necessary.

Currently there is no single correct way to
conduct a life-cycle assessment. One clear
message of this document is that when a life-
cycle practitioner makes assumptions or
defines the boundary conditions of a life-
cycle study, these decisions must be transpar-
ent to the users of that study. In other words,
it is imperative for the credibility of the study
that the goals, scope, and all assumptions
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inherent in any life-cycle study are clear to the
audience for that study. It is recommended
that all groups having a stake in the continued
development and application of life-cycle
assessment adopt the recommendations con-
tained in this guide and fully disclose all of
the assumptions used in the conduct of their
life-cycle studies.

The guidance manual consists of five chap-

ters. Chapter Two provide a methodology

* overview, including the status of current
research and the basics of the life-cycle assess-
ment methodology. Readers familiar with the

_concept may wish to skip this chapter. Subse-

quent chapters assume a considerable famil-
iarity with the terms and concepts used for
life-cycle studies. Chapter Three describes a
technical framework for conducting a life-
cycle inventory. Chapter Four discusses gen-
eral issues in performing a life-cycle
inventory. Chapter Five contains descriptions
and analyses of issues pertaining to the indi-
vidual stages and steps of a life-cycle inven-
tory: raw materials acquisition; manufacturing
(including materials manufacture, product
fabrication, and filling/packaging/distribu-
tion); consumer use/reuse/maintenance; and
recycle/waste management.




| Chapter Two

OVERVIEW

L e Y

UIFE-CYCLE ASSESSMENT CONCEPT
Over the past 20 years, environrr ital
issues have gained greater public recogni-
tion. The general public has become more
aware that the consumption of manufac-
tured products and marketed services, as
well as the daily activities of our society,
adversely affect supplies of natural

Major Concepts

o Life-cyde assessment is a tool to evaluate
the environmental consequences of a
product or activity holistically, across its
entire life.

¢ There is a trend in many countries toward
more environmentally benign products
and processes.

¢ A complete life-cyde assessment consists
of three complementary components:
inventory, Impact, and Improvement
Analyses.

o Life-cyde inventories can be used both
intemally to an organization and exter-
nally, with external applications requiring
a higher standard of accountability.

¢ Life-cyde inventory analyses can be used
in process analysis, material selection,
product evaluation, product comparison,
and policy-making.

resources and the quality of the environ-
ment. These effects occur at all stages of the
life cycle of a product, beginning with raw
material acquisition and continuing
through materials manufacture and product
fabrication. They also occur during product
consumption and a variety of waste man-
agement options such as landfilling, incin-
eration, recycling, and composting. As
public concern has increased, both govern-
ment and industry have intensified the
development and application of methods to
identify and reduce the adverse environ-
mental effects of these activities.

Life-cycle inventory is a “snapshot” of
inputs to and outputs from a system. It can
be used as a technical tool to identify and
evaluate opportunities to reduce the envi-
ronmental effects associated with a specific
product, production process, package.
material, or activity. This tool can also be
used to evaluate the effects of resource
management options designed to create
sustainable systems. Life-cycle inventories
may be used both internally by organiza-
tions to support decisions in implementing
product, process, or activity improvements
and externally to inform consumer or pub-
lic policy decisions. External uses are
expected to meet a higher standard of
accountability in methodology application.
Life-cycle assessment adopts a holistic
approach by analyzing the entire life cycle
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of a product, process, pa: :age, material, or
activity. Life-cycle stages ancompass

extraction and processing of raw materials; |

manufacturing, transportation, and distri-
bution; use/reuse/maintenance; recycling
and composting; and final disposition. It is
not the intent of a life-cycle assessment to
analyze economic factors. A life-cycle
assessment can be used to create scenarios
upon which a cost analysis could be
performed.

The three separate but interrelated compo-
nents of a life-cycle assessment include

(1) the identification and quantification of
energy and resource use and environmental
releases to air, water, and land (inventory
analysis); {2} the technical qualitative and
quantitative characterization and assess-
ment of the consequences on the environ-
ment (impact analysis); and (3) the
evaluation and implementation of opportu-
nities to reduce environmental burdens
(improvement analysis). Some life-cycle as-
sessment practitioners have defined a
fourth component, the scoping and goal
definition or initiation step, which serves
to tailor the analysis to its intended use.

Life-cycle assessment is not necessarily a
linear or stepwise process. Rather, informa-
tion from any of the three components can
complement information from the other
two. Environmental benefits can be realized
from each component in the process. For
example, the-inventory analysis alone may
be used to identify opportunities for reduc-
ing emissions, energy consumption, and
material use. The impact analysis addresses
ecological and humar 2alth consequences
and resource depleti:: .. .5 well as other
effects, such as habit... ziteration, that can-
not be analyzed in the inventory. Data defi-
nition and collection to support impact

analysis may occur as part of inventory
preparation. Improvement analysis helps
ensure that any potential reduction strate-
gies are optimized and that improvement
programs do not produce additional, unan-
ticipated adverse impacts to human health
and the environment. This guidance docu-
ment is concerned primarily with invento
analyses. '

A BRIEF HISTORY OF LIFE-CYCLE
INVENTORY ANALYSIS

Life-cycle inventory analysis had its begin-
nings in the 1960s. Concerns over the limi-
tations of raw materials and energy
resources sparked interest in finding ways
to cumulatively account for energy use and
to project future resource supplies and use.
In one of the first publications of its kind,
Harold Smith reported his calculation of
cumulative energy requirements for the
production of chemical intermediates and
products at the World Energy Conference i
1963. .

Later in the 1960s, global modeling studies
published in The Limits to Growth (Mead-
ows et al., 1972) and A Blueprint for

A Life-Cyde Assessment Has
Three Components

These components overlap and build on
each other in the development of a

complete fife-cyde assessment.
o Inventory Analysis

¢ Impact Analysis

o improvement Analysis

Scoping is an activity that initiates an
assessment, defining its purpose, bound-
aries, and procecures.
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Survival (Club of Rome) resulted in predic-
tions of the effects of the world’s changing
population on the demand for finite raw
materials and energy resources. The predic-
tions of rapid depletion of fossil fuels and
climatological changes resulting from

. excess waste heat stimulated more detailed
calculations of energy use and output in
industrial processes. During this period,
about a dozen studies were performed to
estimate costs and environmental implica-
tions of alternative sources of energy.

In 1969 researchers initiated a study for
The Coca-Cola Company that laid the foun-
dation for the current methods of life-cycle
inventory analysis in the United States. In a
comparison of different beverage containers
to determine which container had the low-
est releases to the environment and least
affected the supply of natural resources,
this study quantified the raw materials and
fuels used and the environmental loadings
from the manufacturing processes for each
container. Other companies in both the
United States and Europe performed simi-
lar comparative life-cycle inventory analy-
ses in the early 1970s. At this time, many of
the data were derived from publicly avail-
able sources such as government docu-
ments or technical papers, as specific
industrial data were not available.

The process of quantifying the resource use
and environmental releases of products
became known as a Resource and Environ-
mental Profile Analysis (REPA), as prac-
ticed in the United States. In Europe it was
called an Ecobalance. With the formation of
public interest groups encouraging industry
to ensure the accuracy of information in the
public domain, and with the oil shortages
in the early 1970s, approximately 15 REPAs
were performed between 1970 and 1975.

Through this period, a protocol or standard
research methodology for conducting these
studies was developed. This multistep
methodology involves a number of assump-
tions. During these years, the assumptions
and techniques used underwent consider-
able review by EPA and major industry rep-
resentatives, with the result that reasonable
methodologies evolved.

From 1975 through the early 1980s, as
interest in these comprehensive studies
waned because of the fading influence of
the oil crisis, environmental concern
shifted to issues of hazardous waste man-
agement. However, throughout this time,
life-cycle inventory analyses continued to
be conducted and the methodology
improved through a slow stream of about
two studies per year, most of which
focused on energy requirements. During
this time, European interest grew with the
establishment of an Environment Director-
ate (DG X1) by the European Commission.
European life-cycle assessment practition-
ers developed approaches parallel to those
being used in the USA. Besides working to
standardize pollution regulations through-
out Europe, DG X1 issued the Liquid Food
Container Directive in 1985, which charged
member companies with monitoring the
energy and raw materials consumption and
solid waste generation of liquid food
containers.

When solid waste became a worldwide
issue in 1988, the life-cycle inventory
analysis technique again emerged as a tool
for analyzing environmental problems. As
interest in all areas affecting resources and
the environment grows, the methodology
for life-cycle inventory analysis is again be-
ing improved. A broad base of consultants
and research institutes in North America
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and Europe have been further refining and
expanding the methodology. With recent
emphasis on recycling and composting
resources found in the solid waste stream,
approaches for incorporat:: ;; these waste
management options into the life-cycle
inventory analysis have been developed.
Interest in moving beyond the inventory to
analyzing the impacts of environmental
resource requirements and emissions brings
life-cycle assessment methods to another
point of evolution. '

During the past 2 years, the Society of Envi-
ronmental Toxicology and Chemistry
(SETAC) has served as a focal point for
technical developments in the life-cycle
assessment arena. Workshops on the over-
all technical framework, impact analysis,
and data quality were held to allow consen-
sus building on methodology and accept-
able professional practice. Public forums
and a newsletter have provided additional
opportunity for input from the user
community.

Over the past 20 years, 1. :st life-cycle'
inventories have examined different forms
of product packaging such as beverage con-
tainers, food containers, fast-food packag-
ing, and shipping containers. Many of these
inventories have supported efforts to
reduce the ar:ount of packaging in the
waste stream or to reduce the environ-
mental emissions of producing the
packaging.

Some studies have looked at actual con-

. sumer products, such as diapers and deter-
gents, while others have compared
alternative industrial processes for the

- manufacture of the same product.

OVERVIEW OF LIFE-CYCLE
ASSESSMENT METHODOLOGY

Three Components

inventory Analysis

The inventory analysis component is a
technical, data-based process of quantifying
energy and raw material requirements,
atmospheric emissions, waterborne emis-
sions, solid wastes, and other releases for
the entire life cycle of a product, package,
process, material, or activity. Qualitative
aspects are best captured in the impact
analysis, although it could be useful during
the inventory to identify these issues. In the
broadest sense, inventory analysis begins
with raw material extraction and continues
through final product consumption and
disposal. Some inventories may have more
restricted boundaries because of their
intended use (e.g., internal industrial prod-
uct formulation improvements where raw
materials are identified). Inventory analysis
is the only component of life-cycle analysis
that is well developed. Its methodology has
been evolving over a 20-year period.
Refinement and enhancement continue to
occur following the SETAC workshop in
1990. Chapters Three through Five present
the current framework, assumptions, and
steps in inventory analysis.

impact Analysis

The impact analysis component is a techni-
cal, quantitative, and/or qualitative process
to characterize and assess the effects of the
resource requirements and environmental
loadings (atmospheric and waterborne
emissions and solid wastes) identified in
the inventory stage. Methods for impact
analysis are in the early stage of develop-
ment following a SETAC workshop in early
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1992. The analysis should address both
ecological and human health impacts,
resource depletion, and possibly social wel-
fare. Other effects, such as habitat modifica-
tion and heat and noise pollution that are
not easily amenable to the quantification
demanded in the inventory, are also part of
the impact analysis component.

The key concept in the impact analysis
component is that of stressors. The stressor
concept links the inventory and impact
analysis by associated resource consump-
tion and releases documented in the inven-
tory with potential impacts. Thus, a
stressor is a set of conditions that may lead
to an impact. For example, a typical inven-
tory will quantify the amount of SO,
released per product unit, which then may
produce acid rain and which in turn might
affect the acidification in a lake. The result-
ant acidification might change the species
composition to eventually create a loss of
biodiversity.

An important distinction exists between
life-cycle impact analysis and other types
of imr :ct analysis. Li®--cycle impact analy-
sis dc.. not necessari.. attempt to quantify
any specific actual impacts associated with
a product or process. Instead, it seeks to
establish a linkage between the product or
process life cycle and potential impacts.
The principal methodological issue is man-
aging the increased complexity as the
stressor-impact sequence is extended.
Methods for analysis of some types of
impacts exist, but research is needed for
others.

improvement Analysis

The improvement analysis component of
the life-cycle assessment is a systematic

evaluation of the needs and opportunities
to reduce the environmental burden associ-
ated with energy and raw material use and
waste emissions throughout the life cycle of
a product, process, or activity. This analy-
sis may include both quantitative and qual-
itative measures of improvements. This
component has not been widely discussed
in a public forum.

Secoping or Inltiation

Scoping is one of the first activities in any
life-cycle assessment and is considered by
some practitioners as a fourth component.
During scoping, the product, process, or
activity is defined for the context in which
the assessment is being made. The scoping
process links the goal of the analysis with
the extent, or scope, of the study, i.e., what
will or will not be included. For some
applications, an impact analysis will be
desired or essential. In these cases, the pre-
paration of the inventory is not a stand-
alone activity. The scoping process will
need to reflect the intent to define and col-
lect the additional inventory data for the
impact analysis.

For internal life-cycle inventories, scoping
may be done informally by project staff.
Scoping for external studies may require
the establishment of a multi-organization
group and a formal procedure for reviewing
the study boundaries and methodology.

Although scoping is part of life-cycle analy-
sis initiation, there may be valid reasons for
reevaluating the scope periodically during
a study. As the life-cycle inventory model
is defined or as data are collected, scope
modifications may be necessary.
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Identifying and Setting
Boundaries for Life-Cyde Stages

The quality of a life-cycle inventory depends
on an accurate description of the system to be
analyzed. The necessary data collection and
interpretation is contingent on proper under-
standing of where each stage of a life cycle
begins and ends.

General Scope of Each Stage

Raw Materials Acquisition

This stage of the life cycle of a product

‘includes the removal of raw materials and
energy sources from the earth, such as the
harvesting of trees or the extraction of crude
oil. Transport of the raw materials from the
point of acquisition to the point of raw
materials processing is also considered part
of this stage.

Manufacturing

The manufacturing stage produces the prod-
uct or package from the raw materials and
delivers it to consumers. Three substages or
steps are involved in this transformation:
materials manufacture, product fabrication,
and filling/packaging/distribution.

Materials Manufacture. This step involves
converting a raw material into a form that can
be used to fabricate a finished product. For
example, several manufacturing activities are
required to produce a polyethylene resin from
crude oil: The crude oil must be refined;
ethylene must be produced in an olefins plant
and then polymerized to produce polyethyl-
ene; transportation between manufacturing
activities and to the point of product fabrica-
tion is considered part of materials
manufacture.

Product Fabrication. This step involves pro-
cessing the manufactured material to create a
product ready to be filled or packaged, for
example, blow molding a bottle, forming an
aluminum can, or producing a cloth diaper.
Rilling/PackagingDistribution. This step
includes all manufacturing processes and
transportation required to fill, package, and
distribute a finished product. Energy and
environmental wastes caused by transporting
the product to retail outlets or to the consumer
are accounted for in this step of a product's
life cycle.

UseReusa/Maintenance

This is the stage consumers are most famil-
iar with, the actual use, reuse, and mainte-
nance of the product. Energy requirements
and environmental wastes associated with
product storage and consumption are
included in this stage.

Recyde/Waste Management

Energy requirements and environmental
wastes associated with product disposition
are included in this stage, as well as post-
consumer waste management options such
as recycling, composting, and incineration.

Stages of a Life Cyde

o Raw Materials Acquisition
e Manufacturing

— Materials Manufacture

— Product Fabrication

— Filling/Packaging/Distribution
e Use/Reuse/Maintenance
¢ Recyde/Waste Management
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issues That Apply to All Stages

The following general issues aﬁply across
all four life-cycle stages:

Energy and Transportation

Process and transportation energy require-
ments are determined for each stage of a
product’s life cycle. Some products are
made from raw materials, such as crude oil,
which are also used as sources of fuel. Use
of these raw materials as inputs to products
represents a decision to forego their fuel
value. The energy value of such raw materi-
als that are incorporated into products typi-
cally is included as part of the energy
requirements in an inventory analysis.
Energy required to acquire and process the
fuels burned for process and transportation
use is also included.

Environmental Waste Aspects

Three categories of environmental wastes
are generated from each stage of a product’s
life cycle: atmospheric emissions, water-
borne wastes, and solid wastes. These envi-
ronmental wastes are generated by both the
actual manufacturing processes and the use
of fuels in transport vehicles or process
operations.

Waste Managemont Practices

Depending on the nature of the product, a
variety of waste management alternatives
may be considered: landfilling, incineration,
recycling, and composting.

:l:uuon of Waste or Energy Among Primary
Some processes in a product’s life cycle
may produce more than one product. In this
event, all energy and resources entering a
particular process and all wastes resulting
from it are allocated among the product and

coproducts. Allocation is most commonly
based on the mass ratios of the products, but
there are exceptions to this.

Summing the Results of Each Stage

To calculate the total results for the entire
life cycle of a particular product, the energy
and certain emission values for each stage of
the product'’s life cycle can be summed. For
example, energy requirements for each stage
are converted from fuel units to million
Btus or megajoules and summed to find the
total energy requirements. Solid wastes may
be summed in pounds or converted to vol-
unte and summed. The current, preferred
practice is to present the individual envi-
ronmental releases into each of the environ-
mental media on a pollutant-by-pollutant
basis. Where such specificity in an external
study would reveal confidential business
information, exceptions should be made on
a case-by-case basis. Claims for confidential-
ity should be made only when it is reason-
able to expect that release of the information
would damage the supplier’s competitive
position. Even then, the data inputs to an
external use are legitimately expected to be

" independently verified. A peer review pro-

cess leading to agreed-upon reporting is one
possible mechanism for dealing with this
issue. Other approaches for independent
verification are possible.

APPLICATIONS OF

AN INVENTORY ANALYSIS

An inventory conforming to the scope
defined in this document will provide a
quantitative catalog of energy and other
resource requirements, atmospheric emis-
sions, waterborne emissions, and solid
wastes for a specific product, process, pack-
age, material, or activity. Once an inventory




Overview

“

has been performed and is deemed as accu-
rate as possible within the defined scope
and boundaries of the system, the results
can be used directly to identify areas of
greater or lesser environmental burden, to
support a subsequent life-cycle impact
analysis, and as part of a preliminary
improvements analysis.jLife-cycle impact
assessment can be applied to quantify the
human and ecological health consequences
associated with specific pollutants identi-
fied by the inventory.

The following are possible applications for
... life-cycle inventories. These are organized
according to whether the application is sup-
portable with the inventory alone or
whether some level of additional impact
analysis is appropriate. The critical issue
that users should keep in mind is that if an
application context results only in an inven-
tory, the resulting information must not be
over-interpreted. Inventories can be applied
internally to an organization or externally to
convey information outside of the sponsor-
ing organization. External uses are broadly
defined in this document to include any
study where results will be presented or
used beyond the boundaries of the sponsor-
ing organization. Most applications will
require some level of impact analysis in
addition to the inventory.

To Support Broad Environmental Assessments

The results of an inventory are valuable in
understanding the relative environmental
burdens resulting from evolutionary
changes in given processes, products, or
packaging over time; in understanding the
relative environmental burdens between
alternative processes or materials used to
make, distribute, or use the same product;
and in comparing the environmental aspects

of alternative products that serve the same
use.

To Establish Baseline Information

A key application of a life-cycle inventory is
to establish a baseline of information on an
entire system given current or predicted
practices in the manufacture, use, and dis-
position of the product or category of prod-
ucts. In some cases it may suffice to
establish a baseline for certain processes
associated with a product or package. This
baseline would consist of the energy and
resource requirements and the environ-
mental loadings from the product or process
systems analyzed. This baseline information
is valuable for initiating improvement
analysis by applying specific changes to the
baseline system.

To Rank the Relative Contribution of individual
Steps or Processes

The inventory provides detailed data
regarding the individual contributions of
each step in the system studied to the total
system. The data can provide direction to
efforts for change by showing which steps
require the most energy or other resources,
or which steps contribute the most pollu-
tants. This application is especially relevant
for internal industry studies to support deci-
sions on pollution prevention, resource con-
servation, and waste minimization
opportunities.

These first three applications are support-
able with the understanding that the inven-
tory data convey no information as to the
possible environmental consequences of the
resource use or releases. Any interpretation
beyond the “less is best” approach is
subjective.
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Yo identify Data Gaps

The performance of life-cycle inventory
analyses for a particular system reveals
areas in which data for particular processes
or regarding current practices are lacking or
are of uncertain or questionable quality.
When the inventory is to be followed by an
impact analysis, this use can also identify
areas where data augmentation for the

_ impact analysis is appropriate.

To Support Policy

For the public policymaker, life-cycle
inventories and impact analyses can help
broaden the range of environmental issues
considered in developing regulations or set-
ting policies.

Yo Support Product Certification

Product certifications have tended to focus
on relatively few criteria. Life-cycle inven-
tories, only when augmented by appropriate
impact analyses, can provide information
on the individual, simultaneous effects of
many product attributes.

To Provide Education for Use in Decision-Making
Life-cycle inventories and impact analyses
can be used to educate industry, govern-
ment, and consumers on the tradeoffs of
alternative processes, products, materials,
and/or packages. The data can give industry
direction in decisions regarding production
materials and processes and create a better
informed public regarding environmental
issues and consumer choices.

These last three applications of life-cycle
inventories are the most prone to overinter-
pretation. This is partly due to their more
probable use external to the performing
organization and partly due to their implicit
orientation towards assessing the environ-
mental consequences of a product or
process. ’

FORMAT OF THIS REPORT

The remainder of the report provides more
specific guidance and application examples
for those who perform or interpret life-cycle
inventories. Chapter Three presents the pro-
cedural framework for performing a life-
cycle inventory, defines the scope and
structure, and describes the construction of
the model, the collection and availability of
sources of data, and the presentation of
results. Chapter Four discusses issues com-
mon to all stages of life-cycle inventory
analysis. Chapter Five discusses in greater
detail issues pertinent to specific life-cycle
stages. This guide is not intended to be a
point by point prescription for the inventory
preparation process. Given the dynamic
nature of the science and the developing
methods for impact analysis, potential users
are provided with some degree of method-
ological flexibility while still maintaining
scientific integrity and transparency.
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PROCEDURAL FRAMEWORK
FOR LIFE-CYCLE INVENTORY

INTRODUCTION

. This chapter describes the procedural

framework for performing a life-cycle inven-

tory. Although there is broad scientific
agreement on the major elements of a life-

" cycle inventory, procedural decisions occur

at many steps in the process. This guidance

document presents these decisions in the

form of a decision tree. The advantages and

limitations of each option are discussed.

Major Concepts

o Clear definitions of the purposes and boundar-
ies of a fife~cyde inventory analysis help ensure
valid interpretation of the results.

¢ in fife-cyde inventory analysis, the term “sys-
tem” refers to a collection of operations that
together perform some well-defined function.

¢ A broad life<cyde inventory acoounts for every
significant step in a product system.

o System flow diagrams and calculations are used
to determine the resource requirements and
environmental emissions for a product.

¢ Interpretation of results depends on boundary
conditions, the quality of data, and the assump-
tions used.

e A peer review process for external application
inventories should be implemented early in the
study.

When possible, each option is presented as
typical or desired practice based on previ-
ous technical forums and scientific
soundness.

The inventory process begins with a con-
ceptual goal definition phase to define both
the purpose for performing the inventory
and the scope of the analysis. An inventory
procedure is then employed, and data on
the product or system are gathered. Next,
the data are incorporated into a computer
model to determine the results for the entire
system. Additional adjustments in system
boundaries and collection of data may be
necessary as a result of analyzing prelimi-
nary results. Finally, results are presented
and interpreted. Chapter Four discusses
more general issues related to performing an
inventory.

The remaining sections of this chapter
describe the steps of performing a life-cycle

" inventory. They are as follows:

¢ Define the Purpose and Scope of
the Inventory

¢ Define the System Boundaries
¢ Devise an Inventory Checklist
¢ Institute a Peer Review Process
¢ Gather Data -

¢ Develop Stand-Alone Data
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¢ Construct a Computational Model
* Present the Results
¢ Interpret and Communicate the Results.

DEFINE THE PURPOSE AND

SCOPE OF THE INVENTORY

The decision to perform a life-cycle inven-

tory usually is based on one or several of the

following objectives:

¢ To establish a baseline of information on
a system'’s overall resource use, energy
‘consumption, and environmental
loadings

¢ To identify stages within the life-cycle of
a product or process where a reduction in

resource use and emissions might be
achieved
¢ To compare the system inputs and out-

puts associated with alternative products,
processes, or activities

¢ To help guide : - development of new
products, proce. »es, or activities toward a
net reduction of resource requirements
and emissions

¢ To help identify areas to be addressed
during life-cycle impact analysis.

These objectives can be further categorized

into applications by alternative user groups

as listed below.

Private Sector Uses

Evalustion for internal Decision Making

¢ Compare alternative materials, products,
processes, or activities within the
organization.

¢ Compare resource use and release inven-
tory information with comparable infor-
mation on other manufacturers’ products.

* Train personnel responsible for reducing
the environmental burdens associated
with products, processes, and activities,
including product designers and
engineers.

* Provide the baseline information needed

to carry out other components of the life-
cycle assessment.

Evaluation for Public Disclosure of iInformation

* Provide information to policymakers, pro-
fessional organizations, and the general
public on resource use and releases,
including appropriate disclosure and
documentation of findings.

o Help substantiate product-related state-
ments of quantifiable reductions in
energy, raw materials, and environmental
releases, provided that information is not
selectively reported.

Public Sector Uses

Evalustion and Policymaking

¢ Supply information for evaluating exist-
ing and prospective policies that affect
resource use and releases.

¢ Develop policies and regulations on mate-
rials and resource use and environmental
releases when the inventory is supple-
mented by an impact analysis.

¢ Identify gaps in information and knowl- -
edge, and help establish research priori-
ties and monitoring requirements on the
state and federal levels.
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¢ Evaluate product statements of quantifi-
able reductions in energy, raw materials,
and environmental releases.

Public Education

¢ Develop materials to help the public
understand resource use and release
characteristics associated with products,
processes, and activities.

¢ Design curricula for training those
involved in product, process, and activ-
ity design.
Key decisions in defining the scope and
boundaries of the inventory rest on the
defined goal or purpose of the inventory.
Conceptually, it is useful to distinguish
between the study boundaries and the sys-
tem boundaries. Study boundaries include
both the issues to be dealt with and the
physical system boundaries to be analyzed.

Study Spedficity

At the outset of every study, the level of
specificity must be decided. In some cases,
this level will be obvious from the applica-
tion or intended use of the information. In
other instances, there may be several
options to choose among, ranging from a
completely generic study to one that is
product-specific in every detail. Most stud-
ies fall somewhere in between.

A life-cycle inventory can be envisioned as
a set of linked activities that describe the
creation, use, and ultimate disposition of
the product or material of interest. At each
life-cycle stage, the analyst should begin by
answering a series of questions: Is the prod-
uct or system in this life-cycle stage spe-
cific to one company or manufacturing
operation? Or does the product or system
represent common products or systems

generally found in the marketplace and
produced or used by a number of
companies?

Such questions help determine whether
data collected for the inventory should be
specific to one company or manufacturing
facility, or whether the data should be more
general to represent common industrial
practices.

The appropriate response to these ques-
tions often rests on whether the life-cycle
inventory is being performed for internal
organizational use or for a more public pur-
pose. Accessibility to product- or facility-
specific data may also be a factor. A
company may be more interested in exam-
ining its own formulation and assembly
operations, whereas an industry group or
government agency may be more interested
in characterizing industry-wide practice.
Life-cycle inventories can have a mix of
product-specific and industry-average
information. For example, a cereal manu-
facturer performing an analysis of using
recycled paperboard for its cereal boxes
might apply the following logic. For opera-
tions conducted by the manufacturer, such
as box printing, setup, and filling, data spe-
cific to the product would be obtained

- because average data for printing and filling

across the cereal industry or for industry in
general would not be as useful.

Stepping back one stage to package manu-
facturing, the cereal manufacturer is again
faced with the specificity decision. The
inventory could be product-specific, or
generic data for the package manufacturing
stage could be used. The product-specific
approach has these advantages: the aggre-

. gated inventory data will reflect the opera-

tions of the specific papermills supplying
the recycled board, and the energy and




Procedural Framework

resources associated with this stage can be
compared with those of similar specificity
for the filling, packaging, and distribution
stage. A limitation of this option is the addi-
tional cost and time associated with collect-
ing product-specific data from the mills and
the level of cooperation that needs to be
established with the upstream vendors.
Long-term confidentiality agreements with
vendors may also represent unacceptable
burdens compared with the value added by
the more specific data.

The alternative decision path, using indus-
trial average data for making recycled paper-
board, has a parallel mix of advantages and
limitations. Use of average, or generic, data
may be advantageous for a manufacturer
considering use of recycled board for which
no current vendors have been identified. If
the quality of these average data can be
determined and is acceptable, their use may
be preferable. The limitation is that data
from this stage may be less comparable to
that of more product-specific stages. This
limitation is especially important in studies
that mix product-specific and more general
analyses in the same life-cycle stage. For
example, comparing virgin and recycled
paperboard using product-specific data for
one material and generic data for the other
could be problematic.

Another limitation is that the generic data
may mask technologies that are more envi-
ronmentally burdensome. Even with some
measure of data variability, a decision to use
a particular material made on the basis of
generic data may misrepresent true loadings
of the actual suppliers. Opportunities to
identify specific facilities operating in a
more environmentally sound manner are
lost. Generic data do not necessarily repre-

sent industry-wide practices. The extent of
representation depends on the quality and
coverage of the available data and is impos-
sible to state as a general rule.

It is recommended that the level of specifi-
city be very clearly defined and communi-
cated so that readers are more able to
understand differences in the final results.
Before initiating data collection and periodi-
cally throughout the study, the analyst
should revisit the specificity decision to
determine if the approach selected for each
stage remains valid in view of the intended
use.

DEFINE THE SYSTEM BOUNDARIES
Once the goal or purpose for preparing a
life-cycle inventory has been determined
and the intended use is known, the system
should be specifically defined. A “system”
is a collection of operations that together
perform some clearly defined function. A
broad-based system begins with raw materi-
als acquisition and continues through
industrial or consumer use and final dispo-
sition. Great care should be taken in defin-
ing the systems to be analyzed and in
explaining the boundaries for the defini-
tions in any report of inventory results.
Clear definitions help ensure valid interpre-
tations of the results.

In defining the system, the first step is to set
the system boundaries. A complete life-
cycle inventory will set the boundaries of
the total system broadly to quantify resource
and energy use and environmental releases
throughout the entire life cycle of a product
or process, as shown in Figure 1. The life-
cycle stages used in this guidance document
differ in two respects from those presented




in the SETAC Technical Framework (Fava
et al., 1991). These differences arise because
this guidance document is written from the
perspective of assembling information to
perform an inventory study. For this reason,
transportation activities used to move mate-
rials from one stage to the next have been
disaggregated rather than being presented as
a separate stage. Each transportation step is
associated with a specific upstream life-
cycle stage. Although it is common to pre-
sent transportation-related energy and
emissions separately in reporting results,
the transportation system type and the dis-
tances covered are defined within each

stage.
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This model combines materials manufac-
ture, product fabrication, and filling/
packaging/distribution in the manufacturing
stage. Separating these three aspects of man-
ufacturing into separate substages, or steps,
reflects the fact that different organizations
typically are involved in these activities.
The separate treatment also reflects the dif-
ferent nature of the operations and the deci-
sions discussed.earlier regarding product,
material, or activity specificity. Figure 2
shows the three steps of manufacturing.

Recycling and waste management are com-
bined into one stage because, especially for
post-consumer material, recycling and

Life-Cycle Stages
. 3 'ﬂi 5, .
Raw Materials Acquis ‘E\:!nf;gg?‘:nc
o —> Waterbome
. Wastes
Raw
Materials Solid
Wastes
Energy ;__> Coproducts .
- Releases
Fgure 1 i
Defining system boundaries ;
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Manufactunng

Product Fabﬁcaﬁon
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Figure 2
Steps in the manufacturing stage
waste management simply represent a split- sumer product that will be distributed
ting of the material flow between the two for retail sales, but the product could
streams. A life cycle, therefore, comprises also be distributed for use by other in-
four major stages: dustries.
¢ Raw Materials Acquisition Stage. All the - Filling/Packaging/Distribution. Processes
activities required to gather or obtain a that prepare the final products for ship-
raw material or energy source from the ment and that transport the products to
earth. This stage includes transportation retail outlets. Although these activities
of the raw material to the point of mate- may commonly require a change in the
rial manufacture, bur 1oes not include location or physical configuration of a
material processing a:tivities. product, they do not involve a transfor-

) M‘nufacturins St‘ge. EnCOmp asses three mation of materials.

steps: ¢ Use/Reuse/Maintenance Stage. Begins

. - after the distribution of products or mate-

- ﬁrﬁi?;ﬁ:?::w%ﬁ:;ﬁ a rials for intended use and includes any

form that ca‘:x be used to fabricate a par- activity in Whi?l.l the prod.uct o package

ticular product or package. Normally, the may be reconditioned, maintained, or

. . Y - serviced to extend its useful life.

production of many intermediate chemi-

cals or materials is included in this cate- ¢ Recycle/Waste Management Stage.

gory. Transport of intermediate materials Begins after the product, package, or

is also included. material has served its intended purpose
' and either will enter a new system
through recycling or will enter the envi-
ronment through the waste management
system.

~ Product Fabrication. The process step
that uses raw or manufactured materials
to fabricate a product ready to be fillec or
packaged. This step often involves a cu: .-
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Each step in the life cycle of a product,
package, or material can be categorized
within one and only one of these life-cycle
stages. Each step or process can be viewed
as a subsystem of the total product system.
Viewing the steps as subsystems facilitates
data gathering for the inventory of the
system as a whole. The boundaries of sub-
systems are defined by life-cycle stage cate-
gories in Chapter Five. The rest of this
chapter deals with defining the boundaries
of the whole product system. Many deci-
sions must be made in defining the specific
boundaries of each system.

Product systems are easier to define if the
sequence of operations associated with a
product or material is broken down into
primary and secondary categories. The pri-
mary, or zero-order, sequence of activities
directly contributes to making, using, or
disposing of the product or material. The
secondary category includes auxiliary
materials or processes that contribute to
making or doing something that in turn is
in the primary activity sequence. Several
tiers of auxiliary materials or processes may
extend further and further from the main
sequence. In setting system boundaries, the
analyst must decide where the analysis will
be limited and be very clear about the rea-
sons for the decision. The following ques-
tions are useful in setting and describing
specific system boundaries:

¢ Does the analysis need to cover the entire
life cycle of the product? A theorsetically
complete life-cycle system would start
with all raw materials and energy
sources in the earth and end with all
materials back in the earth or at least
somewhere in the environment but not
part of the system. Any system boundary
different from this represents a decision

by the analyst to limit it in some way.
Understanding the possible conse-
quences of such decisions is important
for evaluating tradeoffs between the abil-
ity of the resulting inventory to thor-
oughly address environmental attributes
of the product and constraints on cost,
time, or other factors that may argue in
favor of a more limited boundary. Too
limited a boundary may exclude conse-
quential activities or elements.

Depending on the goal of the study, it may
be possible to exclude certain stages or
activities and still address the issues for
which the life-cycle inventory is being per-
formed. For example, it may be possible to
exclude the acquisition of raw materials in
a life-cycle inventory without affecting the
results. Suppose a company wishes to per-

* form an internal life-cycle inventory to

evaluate alternative drying systems for
formulating a snack food product. If the
technologies are indifferent to feedstock, it
is possible to assume the raw materials
acquisition stage will be identical for all
options. If the decision will be based on
selecting a drying system with lower energy
use or environmental burdens, it may be
acceptable to analyze such a limited sys-
tem. However, with this system boundary,
the degree of absolute difference in the
overall system energy or environmental
inventory cannot be determined. The differ-
ence in the product manufacturing stage,
although significant for the manufacturer,
may represent a minor component of the
total system. Therefore, statements about
the total system should not be made.

e What will be the basis of use for the
_product or material? Is the study
intended to compare different product
systems? If the products or processes are
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used at different rates, packaged in vary-
ing quantities, or come in different sizes,
how can one accurate!ly compare them?
Can equivalent use ratios be developed?
Should market shares be considered to
estimate the proportionate burden from
each product in a given category? Is the
study intended to compare service sys-
tems? Are the service functions ciearly
defined so that the inputs and outputs are
properly proportioned?

- ________________________________________| ° Wh&tancmlrymateﬁalsor
Grain chemicals are used to make
Production or package the products or
r run the processes? Might
these ancillary materials or
Catiie Raising chemicals contribute more
. than a minor fraction of the
{ energy or emissions of the
system to be analyzed?
Seh ““Rm.“m How do they compare by
o T e weight with other materiz..
l ' ‘ and chemicals in the prod-
Caustic Soap h uct system?
Menufacture Manufacturing Foresyy .
_[ J ¢ In a comparative analysis,
[ ‘ are any extra products
required to allow one prod-
P-g::hg nil p&"’Jm uct to deliver equivalent or
similar performance to
‘ another? Are any extra ma-
terials or services required
Conaumer for one service to be func-
l tionally equivalent to
another or to a comparable
Postconsumer product? :
Waste Management
Figure 3 shows an example of
Figure 3 ‘| setting system boundaries fc -
Example system flow diagram for bar soap a product baseline analysis
i «+— @ bar soap system. Tallow 1s
-.~  the major material for soap

production, and its primary raw material
source is the grain fed to cattle. Production
of paper for packaging the soap is also
included. The fate of both the soap and its
packaging end the life cycle of this system.
Minor inputs could include, for example,
the energy required to fabricate the tires on
the combine used to plant and harvest the

grain.
In a life-cycle inventory to create a baseline

for future product development or improve-
ment, the unit upon which the analysis is
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performed can be almost anything that pro-
duces internally consistent data. In the bar
soap example, one possible usage unit could
be a single bar. However, if the product
packaging were being analyzed at the same
time, it would be important for consistency
to consider packaging in different amounts
such as single bars, three packs, and so on.

If the life-cycle inventory were intended to
analyze whether bar soap should be manu-
factured using an animal-derived or
vegetable-derived raw material source, the
system boundaries and units of analysis
would be more complicated. First, the sys-
tem flow diagram would have to be
expanded to include the growing, harvest-
ing, and processing steps for the alternative
feedstock. Then the performance of the fin-
ished product would have to be considered.
Do the options result in a bar that gets used
up at different rates when one material or
the other is chosen? If this were the case, a
strict comparison of equal-weight bars
would not be appropriate.

Suppose an analyst wants to compare bar
soap made from tallow with a liquid hand

‘ soap made from synthetic ingredients.
Because the two products have different raw
material sources (cattle and petroleum), the
analysis should begin with the raw materi-
als acquisition steps. Because the two prod-
ucts are packaged differently and may have
different chemical formulas, the materials
manufacture and packaging steps would
need to be included. Consumer use and
waste management options also should be
examined because the different formulas
could result in varying usage patterns. Thus
for this comparative analysis, the analyst
would have to inventory the entire life cycle
of the two products.

Again, the analyst must determine the basis
of comparison between the systems.
Because one soap is a solid and the other is
a liquid, each with different densities and
cleansing abilities per unit amount, it would
not make sense to compare them based on
equal weights or volumes. The key factor is
how much of each is used in one hand-
washing to provide an equivalent level of
function or service. An acceptable basis for
comparison might be equal numbers of
hand-washings. Because these two products
may be used at different rates, it would be
important to find data that give an equiva-
lent use ratio. For example, a research lab
study may show that 5 mm? of bar soap and
10 mm? of liquid soap are used per hand-
washing. If the basis for comparison were
chosen at 1,000 hand-washings, 5,000 mm?
of bar soap would be compared to 10,000
mm? of liquid hand soap. Thus, the equiva-

_ lent use ratio is 1 to 2.

When specific brands of soap are being ana-
lyzed to establish individual life-cycle
inventories, market share information need
not be obtained. However, when two or
more items perform the same function and
the inventory application is framed to
answer the question of identifying which
product type exhibits higher or lower load-
ings, market share information is important
in comparing product types. For example,
in an analysis comparing a typical bar soap
with a typical liquid soap, market share data
would be used to allocate the raw materials
and emissions among the specific soap
brands of each type. These data would be
used to proportion the contributions of
chemicals, raw materials, usage rates, etc.,

_of the two soap types to develop average

data. On the other hand, if specific soap
brands are being compared, then, of course,
market share is also irrelevant.
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Because the two soap product types are
packaged in different quantities and materi-
als, the analyst would need to include pack-
aging in the system. Contributions of extra
ingredients, such as perfumes, might also be
considered. The analyst may or may not
find that any extra raw materials are used in
one of the two soap types to make it clean as
well as the other. Soaps typically must meet
_ amiuimum standard performance level.

However, if the liquid hand soap also had a
skin moisturizer in its formula, the analyst
would need to include a moisturizing lotion
' product in the boundary of the bar soap sys-
tem on two conditions. The first condition
would apply if the environmental issues
associated with this component were ger-
mane to the purpase of the life-cycle inven-
tory. The second condition, which is not as
clear-cut, is if there is actual value received
by the consumer from inclusion of the mois-
turizer. If market studies indicate that con-
sumers purchase the product in preference
to an identical product without a moistur-
izer, or if they subsequently use a moisturiz-
ing lotion after using a nonmoisturizing
soap, then equivalent use would entail
including the separate moisturizing lotion.
Including the moisturizing lotion would
move the comparison beyond equivalent
hand-washing to equivalent hand-washing
and skin moisturizing.

In defining system boundaries, it is impor-
tant to include every step that could affect
the overall interpretation or ability of the
analysis to address the issues for which it is
being performed. Only in certain well-
defined instances can life-cycle elements
such as raw materials acquisition or waste
management be excluded. In general, only
when a step is exactly the same in process,
materials, and quantity in all altematives

. considered, can that step be excluded from

the system. In addition, the framework for
the comparison must be recognized as rela-
tive because the total system values exclude
certain contributions. This rule is especially
critical for inventories used in public
forums rather than for internal company
decision making. For example, a company
comparing alternative processes for pro-
ducing one petrochemical product may not
need to consider the use and disposal of the
product if the final composition is identical.
The company may also find that each pro-
cess uses exactly the same materials in the
same amounts per unit of product output.
Therefore, the company may consider the
materials it uses as having no impact on the
study results. Another example is a filling
operation for bottles. A company interested
in using alternative materials for its bottles
while maintaining the same size and shape
may not need to include filling the bottles
as part of the inventory system. However, if
the original bottles were compared to boxes
of a different size and shape, the filling step
would need to be included.

When a life-cycle. inventory is used to com-
pare two or more products, the basis of com-
parison should be equivalent use; i.e., each
system should be defined so that an equal
amount of product or equivalent service is
delivered to the consumer. In the hand-
washing example, if bar soap were com-
pared to liquid soap, the logical basis for
comparison would be an equal number of
hand-washings. Another example of equiva-
lent use would be in comparing cloth dia-
pers to disposable diapers. One type of
diaper may typically be changed more fre-
quently than the other, and market/use
studies show that often cloth diapers are
doubled, whereas disposables are not. Thus,
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. throughout a day, more cloth diapers will be
used. In this case, a logical basis for compar-
ison between the systems would be the total
number of diapers used over a set period of
time.

Equivalent use for comparative studies can
often be based on volume or weight, partic-
ularly when the study compares packaging
for delivery of a specific product. A bever-
age container study might consider 1,000

- liters of beverage as an equivalent use basis
for comparison, because the product may be
delivered to the consumer in a variety of
different-size containers having different

_ life-cycle characteristics.

Resource constraints for the life-cycle
inventory may be considerations in defining
the system boundaries, but in no case
should the scientific basis of the study be
compromised. The level of detail required
to perform a thorough inventory depends on
the size of the system and the purpose of the
study. In a large system encompassing sev-
eral industries, certain details may not be
significant contributors given the defined
intent of the study. These details may be
omitted without affecting the accuracy or
application of the results. However, if the
study has a very specific focus, such as a
manufacturer comparing alternative pro-
cesses or materials for inks used on packag-
ing, it would be important to include
chemicals used in very small amounts.

\

Additional areas to consider in setting
boundaries include the manufacture of capi-
tal equipment, energy and emissions associ-
ated with personnel requirements, and
precombustion impacts for fuel usage.
These are discussed in Chapter Four.

After the boundaries of each system have
been determined, a system flow diagram as

shown in Figure 3 can be developed to
depict the system. Each system step should
be represented individually in the diagram,
including the production steps for ancillary
inputs or outputs such as chemicals and
packaging. If a decision to exclude certain
items has been made, it is appropriate, for
purposes of maintaining transparency, to
explain the system flow diagram. Often in
studies intended for external application,
the system flow diagram is incorporated
into a formal scope, boundary, and data col-
lection (SBDC) document. An SBDC docu-
ment provides the basis for peer reviewers
and others to understand how the analyst is
defining the study and how these defini-
tions and assumptions will translate into
data collection activities.

DEVISE AN INVENTORY CHECKLIST
The inventory checklist is a tool that covers
most decision areas in the performance of
an inventory. After the inventory purpose
and boundaries have been defined, a check-
list can be prepared to guide data collection
and validation and to enable construction of
the computational model. Figure 4 shows a
generic example of an inventory checklist
and an accompanying data worksheet.
Although this checklist is an effective guid-
ance tool and enhances transparency, it is
not the sole quality control process under
which the analysis should be performed.
Analysts will want to tailor this checklist
for a given product or material. Eight gen-
eral decision areas should be addressed on
the checklist or worksheet:

¢ Purpose of the inventory
e System boundaries
* Geographic scope
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LIFE-CYCLE INVENTORY CHECKLIST PART —SCOPE AND PROCEDURES

INVENTORY OF:
Purpose of inventory: (check all that apply)
Private Sector Use Public Sector Use
internal Evaiustion and Declsion Making Evaluation and Policy-making
O Companson of Matenais, Products, or Activities O Support informaton for Pelicy and Regulatory Evalustion
O Resource Use and Release Comparison with Other O Information Gap identification
Manutecturer's Data O Help Evaiuate Statements of Reductions in Resource Use and
O Personnel Training for Product and Process Design Relsases
O Bassine information for Full LCA Public Educsticn
Extsrmnal Evaiuation and Decision Makirg 0 Deveiop Support Materials for Public Education
O Prowide Information on Resource Use and Releases O Assist in Cumriculum Design
O Substantate Statements of Reductons in Resource Use and
Releases
Systemas Anslyzed
List the product/prccess systems anslyzed m this inventory:
". Key Assumptions: (list and describe)
Define the Boundaries

For each system analyzed, define the boundanes by life-cycle stage, geographic scope, prmasy processes, and ancillary inputs included in
the systam boundanes.

Postoonsumer Solid Waste Management Options: Mark and describe the aptions analyzed for each system.

O Landfil O Open-icop Recyciing
0O Combustion O Ciosed-loop Recycling
O Composing O Other

Basis for
J This is not a comparative study. O This is a comparative atudy.

State basis for companson batween sysiems: (Example: 1000 units, 1,000 uses)
i products or processess are not normally used on a one-to-one basis, state how equivalent function was eatablished.

Computational Mode! Construction
(m} mammmmmmmmmmmbmwm
0 System caicuiations are.made using ancther technique. Describe:

Describe how mputs 10 and outputs from postconsumer solid waste management are handied.

Queilty Assurance: (state specific actvites and inmais of reviewer)

Review periormed on: 1 Data Gathenng Techniques O input Data
O Coproduct Aliccation O Model Caiculations and Formulas
O Results and Reportng

Peer Review: (state spacific activities and intials of reviewer)
Review performedon: [J Scope and Boundary 0O inputData
0 Data Gathering Techmques —o— . O Mods! Calculations and Formulas
O Coproduct Aliocation 00 Reaults and Reporting

Results Presentation O Report may need mors detail for additonal use beyond
O Methodology s fully deecribed. defined purpose.
C Individual poliutants ase reported. O Sensitivity analyses are mciuced in the report
= Emissions are reported as aggregrated totais only. -Lst
Explan why: O Sensitivty analysss have besn performed but are not mciuaed
n the report. List:

T Report is suthcienty detailed for its defined purpose.

Figure 4
AWdMluddmmwmmm.MImmW
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LIFE-CYCLE INVENTORY CHECKLIST PART I—MODULE WORKSHEET

Inventory of: Preparer:
Life-Cycle Stage Description:
Date: Quality Assurance Approval:
MODULE DESCRIPTION:

Data Vaiue'® Type(® Datal®) Age/Scope | Quality Measures‘?
MODULE INPUTS

Materials
Process
Otherle!

| Energy

Process

Precombustion

|_Water Usage
Process
Fuel-related

MODULE OUTPUTS

[ Product
Coproducts(?

Alr Emissions
Process
Fuel-related

Water Effluents
Process
Fuel-related

Solld Waste
Process
Fuel-related

Capital Repl.
Transportation

Personnel
(a) includs unas.

() Indicate whether dts &re actusl MEEsUTEMENts, SNQINeSTNg estmates, or heomtcal or publshed values and whether the nuUMbers ae from a specthc Manvulaciurer
or tacality, or whether they represent ndustry-average vaiuss List a specfic source if partinent, ¢.g-. “obianed from Allanta facility wastewater pefrrut monvionng deta.”

(¢) indicate whether emissons & &l avaiable. reguiatad only, or ssiected. Desgnate data &9 © geagraphne specificity, 6.g., Norh Amenca. and ndicais the penad
covered, 0.g.. average of monthy for 1991

() st measures of data quaity svaiable for the data tem, @ §.. A0CUTECY, PrECIEON, AIPESENIEIVENess. consistancy-checkad, other, o RONe.
(o) Include nontradional Nputs. 6.g., 1aNd Use, When EpPrOPNAtS and NECesISYY. ’
0 1 coproduct allocation method was apphed. indicate das:s i qualdty measures column, 0.g.. Waeght

Figure 4
Continued




Procedural Framework

o Types of data used

e Data collection and synthesis procedures
¢ Data quality measures

¢ Computational model construction

* Presentation of the results.

A standard checklist can be helpful in sev-
eral settings. The analyst performing the
life-cycle inventory can use the checklist to
help ensure that all important stages and
categories of information are included. The
checklist can also help clarify the issues,
boundaries, and conditions to be dealt with
in a particular study. Worksheets can be
used by the analyst to collect and qualify
data from facilities.

The checklist consists of two major compo-
nents—a summary section describing the
procedures and systems included in the
study and a set of worksheets listing and
qualifying the data collected. The checklist
is to be used throughout a study to ensure
that all of the boundaries and comparison
issues are identified and addressed during
the study. The worksheet portion has a dual
purpose: as a tool for the analyst to coordi-
nate and assimilate data and for use in
requesting data from others. In a life-cycle
inventory where there may be many steps in
each life-cycle stage, the worksheets help
ensure consistency among the various infor-
mation sources. Modules consisting of sub-
system inputs and outputs are the basis for
preparing a life-cycle inventory. Subsystem
modules represent fundamental operations
that are building blocks for aggregating data
to the life-cycle stage and overall system
level. For example, a module may be con-
structed for the production of caustics as
shown in the system flow diagram for bar
soap (Figure 3). This module would be one

of several comprising the materials manu-
facture substage. Worksheets may be pre-
pared for each facility in each subsystem
module and may be used by the analyst to
aggregate these data to the life-cycle stage
level. Additional internal quality control

_ and quality assurance procedures should be

in place to ensure that the inventory is com-
plete and sound.

A checklist such as the one in Figure 4 also
can be used as a communication tool. By
including a completed checklist in the
report on the results of an inventory, the
analyst can communicate to readers some of
the factors that may affect the results. The
checklist will help readers gain knowledge
and understanding of the system’s bound-
aries, data quality, methodology used, and
level of detail. Standard checklists included
in reports of inventories also can help read-
ers recognize and understand differences
among va: ous reports on the same topic.
The stanc «rd checklist also can be of use to
peer reviewers as it provides useful criteria
and information to assure the completeness

of a particular life-cycle inventory.

INSTITUTE A PEER REVIEW PROCESS
The desirability of a peer review process has
been a major focus of discussion in many
life-cycle analysis forums. The discussion
stems from concems in four areas: lack of
understanding regarding the methodology
used or the scope of the study, desire to
verify data and the analyst’s compilations of
data, questioning key assumptions and the
overall results, and communication of
results. For these reasons, it is recom-
mended that a peer review process be estab-
lished and implemented early in any study
that will be used in a public forum.
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SETAC is working with business, consumer,
and environmental groups, and with acade-
mia to develop a peer review process for
inventory studies (Fava et al., 1992). The
following discussion is not intended to be a
blueprint of a specific approach. Instead, it .
is meant to point out issues that the practi-
tioner or sponsor should keep in mind
when establishing a peer review procedure.

Overall, a peer review process should
address the four areas previously identified:

¢ Scope/boundaries methodology

¢ Data acquisition/compilation

¢ Validity of key assumptions and results
¢ Communication of results.

The peer review panel could participate at
several points in the study: (1) reviewing
the purpose, system boundaries, assump-
tions, and data collection approach;

(2) reviewing the compiled data and the
associated quality measures; and (3) review-
ing the draft inventory report, including the
_ intended communication strategy.

A checklist such as the one presented in
Figure 4 would be useful in addressing
many of the issues surrounding scope/
boundaries methodology, data/compilation
of data, and validity of assumptions and
results. Criteria may need to be established
for communication of results. These criteria
could include showing how changes in key
assumptions could affect the study results
and guidance on how to publish and com-
municate results without disclosing propri-
etary data.

1t is generally believed that the peer review
panel should consist of a diverse group of 3
to 5 individuals representing various sec-

tors, such as federal, state, and local govern-
ments; academia; industry; environmental
or consumer groups; and LCA practitioners.
Not all sectors need be represented on every
panel. The credentials or background of
individuals should include a reputation for
objectivity, experience with the technical
framework or conduct of life-cycle studies,
and a willingness to work as part of a team.
Issues for which guidelines are still under
development include panel selection, num-
ber of reviews, using the same reviewers for
all life-cycle studies or varying the members
between studies, and having the review
open to the public prior to its release. The
issue of how the reviews should be per-
formed raises a number of questions, such
as these: Should a standard checklist be
required? Should oral as well as written
comments from the reviewers be accepted?
How much time should be allotted for
review? Who pays for the review process?

The peer review process should be flexible
to accommodate variations in the applica-
tion or scope of life-cycle studies. Peer
review should improve the conduct of these
studies, increase the understanding of the
results, and aid in further identifying and
subsequently reducing any environmental
consequences of products or materials. EPA
supports the use of peer reviews as a mecha-
nism to increase the quality and consistency
of life-cycle inventories.

GATHER DATA

The system flow diagram (Figure 3) is useful
in conjunction with the checklist and work-
sheets (Figure 4) in directing efforts to
gather data for the life-cycle inventory.
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identify Subsystems

For data-gathering purposes it is appropriate
to view the system as a series of subsystems.
A “subsystem” is defined as an individual
step or process that is part of the defined
production system. Some steps in the
system may need to be grouped into a
subsystem due to lack of specific data for
the individual steps. For example, several
steps may be required in the production of
bar soap from tallow. However, these steps
may all occur within the same facility,
which may not be able to or need to break
data down for each individual step. The
facility could, however, provide data for all
the steps together, so the subsystem bound-
ary would be drawn around the group of
soap production steps and not around each
individual one.

Each subsystem requires inputs of materials
and energy; requires transportation of prod-
uct produced; and has outputs of products,
coproducts, atmospheric emissions, water-
borne wastes, solid wastes, and possibly
other releases. For each sut:system, the
inventory analyst should describe materials
and energy sources used and the types of
environmental releases. The actual activities
that occur should also be described. Data
should be gathered for the amounts and
kinds of material inputs and the types and
quantities of energy inputs. The environ-
mental releases to air, water, and land
should be quantified by type of pollutant.
Data collected for an inventory should
always be associated with a quality mea-
sure. Although formal data quality indica-
tors (DQIs) such as accuracy, precision,
representativeness, and completeness are
strongly preferred, a description of how the
data were generated can be useful in judging
quality. EPA is specifically addressing the

use of quantitative and qualitative DQIs in a
separate guidance document on data quality
in life-cycle assessment.

Coproducts from the process should be
identified and quantified. Coproducts are
process outputs that have value, i.e., those
not treated as wastes. The value assigned to
a coproduct may be a market value (price)
or may be imputed. In performing coprod-
uct allocation, some means must be found
to objectively assign the resource use,
energy consumption, and emissions among
the coproducts, because there is no physical
or chemical way to separate the activities
that produce them. Advantages and disad-
vantages of specific approaches to coprod-
uct allocation are discussed later in this
chapter and in Chapter Four. Generally,
allocation should allow technically sound
inventories to be prepared for products or
materials using any particular output of a
process independently and without overlap
of the other outputs.

In the meat packing step of the bar soap
example shown in Figure 3, several coprod-
ucts could be identified: meat, tallow, bone
meal, blood meal, and hides. Other exam-
ples of coproducts are the trim scraps and
off-spec materials from a molded plastic
plate fabricator. If the trim scraps and off-
spec materials are used or marketed to other
manufacturers, they are considered as
coproducts. Industrial scrap is the common
name given to such materials. If the trim is
discarded into the solid waste stream to be
landfilled, it should be included in the solid
waste from the process. If the trim or off-
spec materials are reused within the pro-
cess, they are considered “home scrap,”
which is part of an internal recycling loop.
These materials are not included in the




Sources of Data
¢ Electronic non-bibliographic data bases (govern-
ment and industrial)
- averaged industrial data
- product spedifications
¢ Electronic bibliographic data bases
¢ Electronic database dearinghouses
¢ Relevant documents
- government reports
- open literature papers and books
~ other life-cyde inventories
o Fadiity-spedfic industrial data
- publidy accessible
- nonpublidy accessible
e Laboratory test data
o Study-spedific data

- inventory, because they do not cross the
boundaries of the subsystem.

All transportation from one process location
to another is included in the subsystem.
Transportation is quantified in terms of dis-
tance and weight shipped, and identified by
the mode of transport used.

Sources of Data

A number of sources should be used in col-
lecting data. Whenever possible, it is best to
. get well-characterized industry data for pro-
duction processes. Manufacturing processes
often become more efficient or change over
~ time, so it is important to seek current data.
Inventory data can be facility-specific or
more general and still remain current.

Procedural Framework

Several categories of data are often used in
inventories. Starting with the most disaggre-
gated, these are:

¢ Individual process- and facility-specific:
data from a particular operation within a
given facility that are not combined in
any way

* Composite: data from the same operation
or activity combined across locations

* Aggregated: data combining more than
one process operation

¢ Industry-average: data derived from a rep-
resentative sample of locations and
believed to statistically describe the typi-
cal operation across technologies

¢ Generic: data whose representativeness
may be unknown but which are qualita-
tively descriptive of a process or
technology.

Complete and thorough inventories often
require use of data considered proprietary
by either the manufacturer of the product,
upstream suppliers or vendors, or the LCA
practitioner performing the study. Confiden-
tiality issues are not relevant for life-cycle
inventories conducted by companies using
their own facility data for internal purposes.
However, the use of proprietary data is a
critical issue in inventories conducted for
external use and whenever facility-specific
data are obtained from external suppliers for
internal studies. As a consequence, current
studies often contain insufficient source and
documentation data to permit technically
sound external review. Lack of technically .
sound data adversely affects the credibility
of both the life-cycle inventories and the
method for performing them. An individual
company's trade secrets and competitive
technologies must be protected. When
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collecting data (and later when reporting the
results), the protection of confidential busi-
ness information should be weighed against
the need for a full and detailed analysis or
disclosure of information. Some form of

- selective confidentiality agreements for enti-
ties performing life-cycle inventories, as
well as formalization of peer review
procedures, is often necessary for invento-
ries that will be used in a public forum.
Thus, industry data may need to undergo
intermediate confidential review prior to
becoming an aggregated data source for a
document that is to be publicly released.

The purpose, scope, and boundary of the
inventory help the analyst determine the
level or type of information that is required.
For example, even when the analyst can
obtain actual industry data, in what form
and to what degree should the analyst show
the data (e.g., the range of values observed,
industry averages, plant-specific data, best
available control techniques)? These ques-
tions or decisions can usually be answered
if the purpose or scope has been well
defined. Typically, most publicly available
life-cycle documents present industry aver-
ages, while many internal industrial studies
use plant-specific data. Recommended prac-
tice for external life-cycle inventory studies
includes the provision of a measure of data
variability in addition to averages. Fre-
quently the measure of variability will be a
statistical parameter, such as a standard
deviation. Other options, which may be use-
ful for small data sets or where confidential-
ity may be breached by a reported standard
deviation, are discussed in more detail in

Chapter Four.

Examples of private industry data sources
. include independent or internal reports, -

periodic measurements, accounting or engi-
neering reports or data sets, specific mea-
surements, and machine specifications. One
particular issue of interest in considering
industrial sources, whether or not a formal
public data set is established, is the influ-
ence of industry and related technical asso-
ciations to enhance the accuracy, represen-
tativeness, and currentness of the collected
data. Such associations may be willing,
without providing specific data, to confirm
that cartain data (about which their mem-
‘bers ase knowledgeable) are realistic.

Government documents and data bases pro-
vide data on broad categories of processes
and are publicly available. Most government
documents are published on a periodic
basis, e.g., annually, biennially, or every

4 years. However, the data published within
them tend to be at least several years old.
Furthermore, the data found in these docu-
ments may be less specific and less accurate
than industry data for specific facilities or
groups of facilities. However, depending on
the purpose of the study and the specific
data objectives; these limitations may not be
critical. All studies should note the age of
the data used. Some useful government
documants include:

¢ U.S. Department of Commerce, Census of
Manufacturers

¢ U.S. Bureau of Mines, Census of Mineral
Industries

¢ U.S. Department of Energy, Monthly
Energy Review

¢ U.S. Environmental Protection Agency,
Toxic Release Inventory (TRI) Database.

Government data bases include both non-
bibliographic types where the data items
themselves are contained in the data base
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- and bibliographic types that consist of
references where data may be found.

Technical books, reports, conference
papers, and articles published in technical
journals can also provide information and
data on processes in the system. Most of
these are publicly available. Data presented
in these sources are often older, and they
can be either too specific or not specific
enough. Many of these documents give the-
" oretical data rather than real data for pro-
cesses. Such data may not be representative
of actual processes or may deal with new
technologies not commercially tested. In
using the technical data sources in the fol-
lowing list, the analyst should consider the
date, specificity, and relevancy of the data:

e Encyclopedia of Chemical Technology,
Kirk-Othmer

o Periodical technical journals such as Jour-
nal of the Water Environment Federation

¢ Proceedings from technical conferences
* Textbooks on various applied sciences.

Surveys designed to capture information on
a representative sample of end users can
provide current information on the param-
eters of product or service use. Surveys typi-
cally center around a question:

e How long or how many times is a product
or service used before it is discarded (e.g.,
the numbiér of years a television set has
been in use and is expected to be in use)?

o What other materials and what quantities
of these materials are used in conjunction
with product use or maintenance (e.g.,
moisturizing lotion use after hand-

washing)?

¢ How frequent is the need for product
repair or maintenance (e.g., how often is
an appliance repaired over its lifetime,
and who does the repair)?

e What other uses does the product have
beyond its original purpose?

¢ What does the end user do with the prod-
uct when he or she is through with it?

Frequently, the end user will not be abls to
supply specific information on inputs and
outputs. However, the end user can provide
data on user practices from which inputs
and outputs can be derived. Generally, the
end user can be the source of related infor-
mation from which the energy, materials,
and pollutant release inventory can be
derived. (An exception would be an institu-
tional or commercial end user who may
have some information on energy consump-
tion or water effluents.) Market research
firms can often provide qualitative and
quantitative usage and customer preference
data without the analyst having to perform
independent market surveys.

Recycling provides an example of some of
the strengths and limitations encountered in
gathering data. For some products,
economic-driven recycling has been prac-
ticed for many years, and an infrastructure
and markets for these materials already
exist. Data are typically available for these
products, including recycling rates, the con-
sumers of the reclaimed materials, and the
resource requirements and environmental
releases from the recycling activities (collec-
tion and reprocessing). Data for materials
currently at low recycling rates with newly
forming recycling infrastructures are more
difficult to obtain. In either case, often the
best source for data on resource require-
ments and environmental releases is the
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processors themselves. For data on recy-
cling rates and recycled material, consumers
and processors may be helpful, but trade
associations as well as the consumers of the
recycled materials can also provide data.
For materials that are recycled at low rates,
data will be more difficult to find.

Two other areas for data gathering relate to the
. System as a whole and to comparisons
between and among systems. It is necessary to
obtain data on the weights of each component
in the product evaluated, either by obtaining
product specifications from the manufacturer
or by weighing each component. These data
are then used to combine the individual com-
ponents in the o system analysis. Equiv-
alent use ratios for the products compared can
be developed by surveying retailers and con-
sumers, or by reviewing consumer or trade as-
sociation periodicals.

DEVELO? STAND-ALONE DATA
“Stand-alons data” is a term used to
describe the set of information developed to
standardize or normalize the individual
subsystem module inputs and outputs for
the specific product, process, or activity
being analyzed. Stand-alone data must be
developed for sach subsystem to fit the sub-
systems into a single system. There are two
goals to achieve in this step: (1) presenting
data for each subsystem consistently by
reporting the same product output from
each subsystem; (2) developing the data in
terms of the life cycle of only the product
being examined in the inventory. First, a
standard unit of output must be determined
for each subsystem. All data could be
reported in terms of the production of a cer-
tain number of pounds, kilograms, or tons of
subsystem product. For example, the har-
vesting of trees, production of paper, and

packaging of soap are all steps in packaging
soap as seen in Figure 3. Data for these steps
could be developed on the basis of 1,000
tons of output: 1,000 tons of harvested trees,
1,000 tons of paper, and 1,000 tons of pack-
aged soap. Although historically English
units have been used for subsystem
accounting in the USA, international prac-
tice is leaning more toward the use of metric
units of measurement. The units used for
the individual steps or subsystems do not
necessarily have to match those of the final
product.

Once the decision for the reporting basis has
been made, the data obtained for the subsys-
tem need to be adjusted to that product’s
output level. For example, suppose an ana-
lyst performing a study on bar soap has
received data on the caustic manufacture
subsystem. This process yields three
coproducts: caustic, chlorine, and hydrogen.
Assume the data obtained for the process
were given in terms of the joint production
of 500 tons of caustic, 250 tons of chlorine,
and 5 tons of hydrogen. Only the caustic is
used in the bar soap production system.
Because the analyst has chosen 1,000 tons
as the reporting basis for all subsystem data,
the caustic manufacturing data need to be
presented in terms of 1,000 tons of output of
caustic (and thus also 500 tons of chlorine
and 10 tons of hydrogen). To do this, all of
the process data supplied would be multi-
plied by two. For purposes of this example,
only the chlorine coproduct is considered
further.

Now that the data are at a consistent level of
reporting, the analyst needs to determine
the energy and material requirements and
the environmental releases to be attributed
to the production of each coproduct using a
technique called coproduct allocation. One
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commonly used allocation method is based
on relative weight. Figure 5 illustrates this
technique. In this example, the top portion
of the figure can be used to illustrate the
actual process flow diagram for hypothetical
production of caustic (labeled Product A),
with chlorine (Product B) as a coproduct of
caustic. Because the bar soap system exclu-
sive of packaging uses only caustic, and not
chlorine, the energy and material inputs and
- environmental releases of the process must
be allocated separately to the caustic and
chlorine. The lower portion of the diagram
illustrates this allocation. Product A, caus-
tic, represents two-thirds of the total pro-
duction output of the process, so two-thirds
of the energy and resource inputs and two-
thirds of the environmental releases are
attributed to caustic. Likewise, Product B,
chlorine, represents one-third of the total
production output of the process, so one-
third of the energy and resource inputs and
one-third of the environmental releases are
attributed to the chlorine, Performing data
allocation in this way allows the analyst to
isolate those inputs and outputs relevant to
the product being studied. Alternative allo-
cation methods are discussed in Chapter
Four.

Once the inputs and outputs of each subsys-
tem have been allocated, numerical relation-
ships of the subsystems within the entire
system flow diagram can be established.
This is done starting at the finished product
of the system and working backward, using
the relationships of the material inputs and
product outputs of each subsystem to com-
pute the input requirements from each of
the preceding subsystems. For example,
suppose the bar soap system were to be ana-
lyzed on the basis of 1,000 tons of packaged
bar soap. If the bar soap packaging process

requires 900 tons of bar soap to produce
1,000 tons of packaged bar soap, only 900
tons of bar soap would need to be manufac-
tured for the total system. Suppose 2,000
tons of tallow are required to produce 1,000
tons of bar soap. Only 900 tons of bar soap
are required for the total bar soap system, so
only 1,800 tons of tallow are needed for the
total system.

CONSTRUCT A COMPUTATIONAL
MODEL

The next step in a life-cycle inventory is
model construction. This step consists of
incorporating the normalized data and
material flows into a computational frame-
work using a computer spreadsheet or other
accounting technique. The systems account-
ing data that result from the computations
of the model give the total results for the
energy and resource use and environmental
releases from the overall system.

The overall system flow diagram, derived in
the previous step, is important in construct-
ing the computational model because it
numerically defines the relationships of the
individual subsystems to each other in the
production of the final product. These
numerical relationships become the source
of “proportionality factors,” which are
quantitative relationships that reflect the
relative contributions of the subsystems to
the total system. For example, data for the
production of a particular ingredient X of
bar soap are developed for the production of
1,000 tons of X. To produce 1,000 tons of
bar soap, 250 tons of X are needed, account-
ing for losses and inefficiencies. Thus, to
find the contributions of X to the total sys-

" tem, the data for 1,000 tons of X are multi-

plied by 0.250.
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Actual procass flow diagram
for the production of
Products ‘A’ and ‘B’

Flow diagrams showing the
normalized resources and Energy Water
environmental releases for

each coproduct

Coproduct ‘B'

Solid Waste

Coproduct Allocation for Product 'B'

Figure S
Example coproduct allocation based on relative weight
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The spreadsheet can be used to make other
computations beyond weighting the contri-
butions of various subsystems. It can be
used to translate energy fuel value to a stan-
dard energy unit, such as million Btu or

- gigajoule (GJ). Precombustion or resource
acquisition energy can be computed by
applying a standard factor to a unit quantity
of fuel to account for energy used to obtain
and transport the fuel. Energy sources, as
well as types of wastes, can be categorized.
Credits or charges for incineration can be
derived. Fuel-related wastes should also be
calculated based on the fuels used through-
out the system. The model should also
incorporate waste management options,
such as recycling, composting, and land-
filling. The method for handling these
aspects is discussed in Chapter Five.

It is important that each subsystem be incor-
porated in the model with its related com-
ponents and that each be linked together in
such a way that inadvertent omissions and
double-counting do not occur. The compu-
ter spreadsheet can be organized in several
different ways to accomplish this purpose.
These can include allocating certain fields
or areas in the spreadsheet to certain types
of calculations or using one type of spread-
sheet software to actually link separate
spreadsheets in hierarchical fashion. It is
imperative, however, once a system of orga-
nization is used, that it be employed consis-
tently. Haphazard organization of data sets
and calculations generally leads to faulty
inventory results.

Many decisions must be made in every life-
cycle inventory analysis. Every inventory
consists of a mix of factual data and
assumptions. Assumptions allow the ana-
lyst to evaluate a system condition when
factual data either cannot be obtained

within the context of the study or do not
exist. Each piece of information (e.g., the
weight of paperboard used to package the
soap, type of vehicle and distance for ship-
ping the tallow, losses incurred when ren-
dering tallow, or emissions resulting from
the animals at the feedlot), falls into one or
the other category and each plays a role in
developing the overall system analysis.
Because assumptions can substantially
affect study results, a series of “what if” cal-
culations or sensitivity analyses are often
performed on the results to examine the
effect of making changes in the system. A
sensitivity analysis will temporarily modify
one or more parameters and affect the calcu-
lation of the results. Observing the change
in the results will help determine how
important the assumptions are with respect
to the results. The computational model is
also used to perform these sensitivity analy-
sis calculations. , '

Sometimes it is helpful to think ahead about
how the results will be presented. This can
direct some decisions on how the model
output is specified. The analyst must
remember the defined purpose for perform-
ing the analysis and tailor the data output to
those expressed needs. For example, the
analyst might ask: Is the purpose of the life-
cycle inventory to evaluate the overall sys-
tem results? Or is it expected that detailed
subsystem information will be analyzed in
relation to the total? Will the study be used

~ in a public forum? If so, how? How much

detail is required? Answers to questions
such as these will help determine the com-
plexity and the degree of generalization to
build into the model, as well as the appro-
priate presentation of results.
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PRESENT THE RESULTS

When writing a report to present the final
results of the life-cycle inventory, it is
important to thoroughly describe the metho-
dology used in the analysis. The report
should explicitly define the systems ana-
lyzed and the boundaries that were set. All
assumptions made in performing the inven-
tory should be clearly explained. The basis
for comparison among systems should be
given, and any equivalent usage ratios that
were used should be explained. Use of the
checklist and worksheet, as shown in Fig-
ure 4, supports a clear process for communi-
cating this information.

Life-cycle inventory studies generate a great
deal of information, often of a disparate
nature. The analyst needs to select a presen-
tation format and content that are consistent
with the purpose of the study and that do
not arbitrarily simplify the information
solely for the sake of presenting it. In think-
ing about presentation of the results, it is
useful to identify the various perspectives
embodied in life-cycle inventory informa-
tion. These dimensions include but may not
be limited to the following:

¢ Overall product system

¢ Relative contribution of stages to the
overall system

* Relative contribution of product compo-
nents to the overall system

¢ Data categories within and across stages,
e.g., resource use, energy consumption,
and environmental releases

¢ Data parameter groups within a category,
e.g., air emissions, waterborne wastes,
and solid waste types

¢ Data parameters within a group, e.g., sul-
fur oxides, carbon dioxide, chlorine, etc.

¢ Geographic regionalization if relevant to
the study, e.g., national versus global

¢ Temporal changes.

The life-cycle analyst must select among
these dimensions and develop a presenta-
tion format that increases comprehensicn of
the findings without oversimplifying them.
Two main types of format for presenting
results are tabular and graphical.

Sometimes it is useful to report total energy
results while also breaking out the contribu-
tions to the total from process energy and
energy of material resource. Solid wastes
can be separated into postconsumer solid
waste and industrial solid waste. Individual
atmospheric and water pollutants should be
reported separately. Atmospheric emissions,
waterborne wastes, and industrial solid -
wastes can also be categorized by process
emissions/wastes and fuel-related
emissions/wastes. Such itemized presenta-
tions can assist in identifying and subse-
quently controlling certain energy
consumption and environmental releases.

The results from the inventory can be pre-
sented most comprehensively in tabular
form. The choice of how the tables should
be created varies, based on the purpose and
scope of the study. If the inventory has been
performed to help decide which type of
package to use for a particular product,
showing the overall system results will be
the most useful way to present the data. On
the other hand, when an analysis is per-
formed to determine how a package can be
changed to reduce its releases to the envi-
ronment, it is important to present not only
the overall results, but also the
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contributions made by each component of
the packaging system. For example, in ana-
lyzing a liquid delivery system that uses
plastic bottles, it may be necessary to show
how the bottle, the cap, the label, the corru-
gated shipping box, and the stretch wrap
around the boxes all contribute to the total
results. The user can thus concentrate
improvement efforts on the components that
make a substantial contribution when evalu-

ating proposed changes.

Graphical presentation of information helps
to augment tabular data and can aid in inter-
pretation. Both bar charts (either individual
bars or stacked bars) and pie charts are valu-
able in helping the reader visualize and
assimilate the information from the perspec-
tive of “gaining ownership or participation
in life-cycle assessment” (Werner, 1991).
However, the analyst should not aggregate
or sum dissimilar data when creating or

simplifying a graph.

For internal industrial use by product man-
ufacturers, pie charts showing a breakout by
raw materials, process, and use/disposal
have been found useful in identifying waste
reduction opportunities.

For external studies, the data must be pre-
sented in a format that meets one funda-
mental criterion—clarity. Ensuring clarity
requires that the analyst ask and answer
questions about what each graph is
intended to convey. It may be necessary to
present a larger number of graphs and incor-
porate fewer data in each one. Each reader
should understand the desired response
after viewing the information.

INTERPRET AND COMMUNICATE
THE RESULTS

How the results of the life-cycle inventory
will be interpreted depends on the purpose
for which the analysis was performed.
Before publishing any statements regarding
the results of the analysis, it is important to
review how the assumptions and bound-
aries of the system were defined, the quality
level of the data used, and the specificity
(e.g., were the data specific to one facility or
representative of the entire industry?). Care-
ful interpretation is required to avoid mak-
ing unsupported statements.

An important criterion in understanding or
interpreting the results is data accuracy.
Many life-cycle inventories present data
that are considered representative of the
industry or group being profiled. Data for
one particular step may be gathered from a
number of manufacturers and production
facilities. For example, for the paperboard
manufacturing step, more than 25 plants
may produce a similar product. These
plants may use different raw materials,
employ different technologies, have varying
degrees of plant age/efficiency, and operate
under different site-specific conditions (e.g.,
energy sources and state environmental reg-
ulations). These aggregated and composited
data will be subject to both random and sys-
tematic sources of error. Individual process
variations within a given facility using the
same input and technology represent a
source of true random error. This type of
variability can be described in conventional
statistical terms using the mean and stan-
dard deviation of the measurements. For
small data sets, where reporting of a mean,
range, and standard deviation may compro-
mise confidentiality, a semi-qualitative
description of variability could suffice.
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However, differences resulting from system-
atic variability due to feedstock or technol-
ogy type are not random errors in a
statistical sense. These sources of variability
may be thought of as “explainable” by the
age or operating conditions of the plants or
by other identifiable factors.

The analyst should interpret the importance
of these sources of variability for the reader.
For example, variability analysis for the
paperboard manufacturing step could indi-
cate that plants using a certain type of pulp-
ing process were consistently higher in
certain water pollutants. The analyst could
interpret this fact for the reader and still
protect confidentiality. .

Although a rigorous statistical analysis of
the overall inventory may not be possible,
sensitivity analyses of key elements in the
system should be performed to estimate the
magnitude of variability in the data from the
inventory that would have to exist in order
to reflect significant differences in the
results. Sensitivity analysis is a technique
for systematically varying the inputs to a
model in order to establish whether the out-
puts are distinguishable or not (Raiffa,
1968). For life-cycle inventories, a sensitiv-
ity analysis would evaluate how large the
uncertainty in the input data can be before
the results of the inventory can no longer be
used for the intended purpose.

Typically, a difference in past inventories
has been determined to occur where the
outputs vary by more than $10-25 percent
when data were modified to simulate low
and high ranges. The differences that must
exist to use the results will be defined for
each inventory during the scoping process
as part of the data quality objectives (DQO)
setting. The guidelines for performing a sen-

sitivity analysis in a life-cycle inventory are
presented more fully in Chapter Four. This
margin of difference should be used inde-
pendently for each category of results (e.g..
energy, atmospheric emissions, waterborne
emissions, and solid waste) and for each
data parameter (e.g., chloroform, particu-
lates, and hydrocarbons) in analyzing the
results,

The boundaries and data for many internal
life-cycle assessments may require the inter-
pretation of the results for use within a par-
ticular corporation. For example, data used
may be specific to a particular company
and, therefore, may not represent any typi-
cal or average product on the market. How-
ever, because the data used in this type of
analysis are frequently highly specific, a
fairly high degree of accuracy can be
assumed in interpreting the results. Product
design and facility/process development
groups within companies often benefit from
this level of interpretation.

The public sometimes receives interpreted
information from life-cycle analyses that
have been released. In these instances, life-
cycle inventory information may be pro-
vided to consumers to support statements
about certain features or specific reduction
claims. The analyst must be careful to pro-
vide an interpretive context and not to
selectively use information. In both types of
studies, general systems are described and
the data used in the analysis may not be
specific to one producer. Instead it may be
more representative of a particular industry.
In such cases, a higher margin of difference
should be achieved before resulits are con-
sidered to be significantly different between
systems. :
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The results of externally published studies leading to selectively report inventory
comparing products, practices, or materials  results. Final conclusions about the results

should be presented cautiously, and of inventory studies may involve making
assumptions, boundaries, and data quality value judgments regarding the relative
should be considered in drawing and importance of air and water quality, solid

presenting conclusions. Studies with differ-  waste issues, resource depletion, and energy
ent boundary conditions may have different  use. Based upon each individual’s locale,
results, yet both may be accurate. These lim-  background, and life style, different value
itations should be communicated to the judgments will be made.

public along with all the results; it is mis-
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Chapter_Four

GENERAL ISSUES
IN PERFORMING
A LIFE-CYCLE INVEN1DRY

“

INTRODUCTION

This chapter discusses the general issues
encountered in every stage of a life-cycle
inventory. These issues pertain to the type
of information these studies quantify an
the decisions or assumptions that must t
made in evaluating and using the informa-
tion. One major tool in life-cycle inventory
analysis is the template, which is a pictor-
ial guide that identifies the information that
must be obtained at each step in an inven-

e ]
Major Concepts

¢ Templates, or material and energy balance
diagrams, are tools used to support data
gathering and development for life-cyde
inventory analyses.

e Data for processes producing more than
one product are aliocated based on the rela-
tive weights of prc  ct output or another
justifiable method.

¢ Data quality objectives are the required per-
formance spedfications for information in a
life-cycle inventory. Establishment of
these specifications is determined by the
defined purpose of the life-cyde inventory.

¢ Data quality indicators are qualitative or
Quantitative characteristics of data. These
indude accuracy, bias, representativeness,
and other attributes that measure data
goodness and applicability.

tory analysis. Issues discussed in this
chapter include:

* Using Templates in Life-Cycle Inventory
Analysis

¢ Data Issues
* Special Case Boundary Issues.

USING TEMPLATES IN UFE-CYCLE
INVENTORY ANALYSIS

A template is a guide used by analysts to
direct the collection of data. A template
depicts the material and er -zy accounts to
visually describe a definec  stem or sub-
system. A generic version ot a template,
shown in Figure 6, indicates which catego-
ries of information are necessary to con-
struct the energy and materials input-
output analysis that is at th=2 core of trad.

tional life-cycle inventories.
Inputs Outputs _
(Requirements) (Environmen:ts
releases anc
products)
Raw or intermediate = Atmosphe
materials emissions
Energy Waterbor: stes
Water Solid w=-
Other re >
Other inputs Produc:

Coprod: .;
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The concept of life-cycle studies has been
extended in recent years beyond merely
specifying physical quantities to a more
comprehensive characterization. To accom-
modate this extension, the life-cycle analyst
may want to augment the traditional tem-
plate with additional information. The data
and information that describe the more
extensive inputs or outputs should be
based on the study purpose, with care
taken to ensure that the life-cycle inventory
remains a data-driven accounting proce-
dure. The additional data could include
categories of information not traditionally
considered in a material balance, such as
noise, aesthetics, and odors, and more
broadly interpreted emissions such as
workplace releases and land use changes.
Figure 7 illustrates the steps or processes

included in a life-cycle inventory for the
bar soap system. Individual steps within
this overall flow diagram are referred to as
subsystems. The bar soap production step
is one example of a subsystem. All subsys-
tem steps, including those for secondary/
tertiary packaging, together form the bar
soap system. The template can be applied
at either the subsystem or system level.

As the bar soap production subsystem illus-
trates, numerous processes or subprocesses
are included such as making fatty acids,
vacuum distillation, making toilet soap,
cutting, and drying. In some cases, the tem-
plate will be used for data gathering at the
subsystem level without evaluating the pro-
cesses or subprocesses within the subsys-
tem. The decision to gather data at the
subsystem level will depend on the nature

1

Figure 6
e-cyde inventory template

Raw or & Products
Intermediate Transportation
Materials Coproducts
: :fi:. - Atmospheric | Waterborne
"%, : Emissions Wastes
" Solid Waste

Source: Franklin Associates, Ltd.
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of the subsystem and the availability of
data. If a specific manufacturing facility has
total energy and emissions data for the sub-
system, but not specific process data, then it
makes sense to apply the template to the
entire manufacturing facility (e.g., the bar
soap facility in Figure 7) and not to each
individual process. In other cases these
individual processes must be examined

- separately, then totaled to provide the sub-
system inventory. The following sections
describe each of the template components
and identify how current life-cycle studies
apply criteria to each of these areas.

Inputs in the Product Life-Cydle
Invo_nu':y Analysis

Raw/intermediate Materials

The input materials for each subsystem are
referred to as raw/intermediate materials.
Raw materials are materials that have been
extracted from the earth but have not been
refined or processed. Intermediate materials
are products of one refining or manufactur-
ing step that are input materials into
another process. The most complete inven-
tory will begin with all raw materials at the
input of the most upstream stage. Any
inventory that sets a different boundary
should provide the associated reasons and
justification for excluding steps. Figure 7
shows that tallow and sodium hydroxide
are the two intermediate materials needed
for bar soap production, whereas salt is a
raw material input for sodium hydroxide
production. The raw/intermediate material
requirements for a subsystem represent the
total material inputs, including all material
present in the product and material found
in losses from emissions, scrap, and off-spec
products as well as non-emission losses

(such as moisture due to evaporation). The
template is used to guide the documentation
of material requirements in pounds or kilo-
grams per unit of product output for each
subsystem.

Raw/intermediate materials have been dis-
tinguished from other process inputs by
some practitioners because raw/
intermediate materials are present in the
finished product, although they may be
transformed chemically. For example, tal-
low, oils, fragrances, and colors are input
materials for bar soap production. Water
does not always appear as a raw/
intermediate material input. Water may be
reclaimed during a drying step even if it-is
used in the process and, therefore, may not
be present in the finished product.

The decision on which raw/intermediate
material requirements to include in a life-
cycle inventory is complex, but several
options are available:

¢ Incorporate all requirements, no matter
how minor, on the assumption that it is
not possible, a priori, to decide to exclude
anything.

¢ Within the defined scope of the study,
exclude inputs of less than a predeter-
mined and clearly stated threshold.

¢ Within the defined scope of the study,
exclude inputs determined likely to be
negligible, relative to the intended use of
the information, on the basis of a sensitiv-

" ity analysis.

¢ Within the defined scope, consistently

exclude certain classes or types of inputs,
such as capital equipment replacement.

The advantage of the first option is that no
assumptions are made in defining and
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drawing the system boundary. The analyst
does not have to explain or defend what
has been included or excluded. The disad-
vantage is that application of this approach
could be an endless exercise. The number
of inputs could be very large and could
include some systems only distantly related
to the product system of interest. Besides
the computational complexity, the interpre-
tation of the results with respect to the
single desired product, package, or activity
could be difficult.

The second option, if implemented with
full explanation of what the threshold is
and why it was selected, would have the
advantages of consistency and lower cost
and time investments. Two suboptions can
be identified, depending on the nature of
the threshold. One suboption is to specify a
percentage contribution below which the
material will be excluded, for example, 1%
of the input to a given subsystem or to the
entire system. The 1% rule historically has
been useful in limiting the extent of the
analysis in inventor:as «where the environ-
mental consequences ¢ 7 quantitatively
minor materials are not considered. The
disadvantage of the 1% rule is that the pos-
sible presence of an environmentally dam-
aging activity associated with these
materials could be overlooked. Also, when
used with mixed percentages (e.g., percent
of system energy, percent of subsystem
input), the results may be confusing or
inconsistent. The scoping analysis should

- provide a rationale for choosing to apply
such a rule.

The second suboption is to set a threshold
based on the number of steps that the raw/
intermediate material is removed from the
main process sequence. Consider the bar

soap example discussed earlier. Caustic
manufacture from brine electrolysis is part
of the main process sequence and would
clearly be included. Sodium carbonate is an
input material for the production of caustic
and is therefore a secondary input. Apply-
ing a “one-step back” decision rule would
include the steps associated with sodium
carbonate production. Ammonium chloride
is an input material for the production of
sodium carbonate using the Solvay process.
Relative to caustic, ammonium chloride is a
tertiary input and would be excluded if a
“one-step back” decision rule were applied.
As in the first option, the “one-step back”
decision rule has the advantages of clarity
and consistent application. For some inputs
that are analyzable in exact mathematical
terms, the “one-step back” rule may be jus-
tifiable. If the inputs to a given process bear
a fixed relationship to the next-tier process,
one step is all that may be necessary to
obtain a sufficiently accurate value
(Boustead and Hancock, 19879).

Consider the example of a refinery. Most of
the refinery’s output is sold for production
of petroleum-based materials. However, a
small portion, say 8%, is used to run the
refinery. This portion, termed the parasitic
fraction, is mathematically related to the
refinery output as:

M1 +1f)
where:

M is the output product and
f is the parasitic fraction (0.08).

For a life-cycle inventory on a petroleum-
based plastic, the primary output of the
refinery clearly would be included within
the system boundary. Suppose the data
quality indicators showed that the data
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were accurate to £5%. Because the first-tier
use of the material represents an 8% differ-
ence, a “one-step back” rule would include
the refinery material (fuel) output used to
run the refinery. However, to produce the

" material (fuel) to run the refinery requires a
further fraction of the output two steps
back from the plastic raw material. This is
caiculated as:

M(1+f+R).

Thus, the incremental contribution of the
second step back is 0.6%, which is less
than the data accuracy. That is, there is no
significant difference in the system data
after the first step. Disadvantages of this
approach include the lack of simple geome-
tric relationships for many inputs and the
increased effort to analyze more tiers as
data quality increases.

The third option, drawing boundaries
based on sensitivity analysis, adds the
advantage of being systematic rather than
arbitrary in assigning the threshold. The
disadvantages of a sensitivity analysis-
based approach are that the analyst needs
to be very clear in describing how the
analysis was used and, unless a large exist-
ing database is available to supply prelimi-
nary values that can be used in the
sensitivity analysis, the required analysis
effort may not be limited by a very large
amount. A more in-depth discussion of sen-
sitivity analysis is provided later in this
chapter.

The final option, excluding certain classes
or types of input, also has been found
through experience to apply to many sys-
tems. For example, in the bar soap inven-
tory, a decision may be made to exclude the
equipment used to cut the bars of soap. The
justification is that the allocation of inputs

and outputs from the manufacture of the
machine is miniscule when the millions of
bars of soap produced by the machine are
considered. The advantage of this option is
that many complex subsystems can often be
excluded. The disadvantages are the same
as those for the first option, namely, that a
highly significant activity may be elimi-
nated. Capital equipment is the most com-
monly excluded input type. The analyst
should perform a preliminary analysis to
characterize the basic activities in each
class or type of input to ensure that a signi-
ficant contribution is not left out.

Renewable and Nonrenewable Resources

A renewable resource is one that is being
replaced in the environment in a time
frame relevant to society. Certain species of
wood are examples of such a material. Most
minerals and metals, along with certain
biological products, are of such a stable
nature that their supply does not change
within a time perspective of several genera-
tions, and they are thus deemed nonrenew-
able (Jorgensen and Pedersen, 1990).
Hydrocarbon fuels produced from geologi-
cal repositories—coal, petroleum, and natu-
ral gas—are nonrenewable because they are
not being created in a time frame of rele-
vance to humans. If production of hydro-
carbon fuels from biomass were to become
a significant source of fuels, the definition
would be applied to the non-fossil-sourced
fraction as well as to that from geological
sources.

The intrinsic nature of a resource does not
dictate its renewability. A further definition
of a sustainable resource may be applied if
the rate of replacement exceeds the rate of
use. The potential for being replaced in a
relevant time frame is not itself sufficient to
qualify a material as “renewable.” The
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replacement or renewal must actually be
occurring. There is still discussion on
renewability issues and whether resource
renewability as opposed to resource con-
sumption belongs in inventory analyses or
impact analyses. It is recommended that
the inventory track and report each
resourcs individually. Based on the lack of
consensus among practitioners, at this time
additional designations of natural resources
into categories should be considered part of
the impact analysis.

Energy

Energy as shown on the template (Figure 6)
represents a combination of energy require-
ments for the subsystem. Three categories
of energy are quantifiable—process, trans-
portation, and energy of material resources
(inherent energy).

Process energy is the energy required to
operate and run the subsystem process(es),
including such items as reactors, heat
exchangers, stirrers, pumps, blowers, and
boilers. Transportation energy is the energy
required to power various modes of trans-
portation such as trucks, rail carriers,
barges, ocean vessels, and pipelines. Con-
veyors, forklifts, and other equipment that
could be considered either transportation
or process are labeled according to their
role in the subsystem. For example, the
power supplied to a conveyor used to carry
material from one point in the subsystem to
another point in the same subsystem would
be labeled process energy. On the other
hand, the power supplied to a conveyor
used to transport material from one subsys-
tem to a different subsystem would be con-
sidered transportation energy. Energy of
material resources is described separately
below. |

Two alternatives exist for incorporating
energy inputs in a subsystem module. One
is to report the actual energy forms of the
inputs,-a:g., kilowatt-hours of electricity or
cubic feet of natural gas. The other is to
include the specific-quantities of fuels used
to generate the produced energy forms in
the module.

The advantage of the first approach is that
the specific energy mix is available for each
subsystem. For example, a company may
want to evaluate the desirability of install-
ing a natural gas-fired boiler to produce
steam compared to using its electrically
heated boiler powered by a combination of
purchased and on-site-generated electricity.
A specific fuel mix could be applied to
compute the energy and fuel resource use.
The second approach, incorporating spe-
cific fuel quantities, allows a subsystem
comparison of primary energy fuels. For
example, “x” kWh of electricity would be
specified as “y” f* of natural gas and “z" Ib
of uranium.

Within"each subsystem, the energy input
data shiuld be given as specific quantities
of fuel and then converted into energy
equivalents according to the conversion
factors discussed in the following two sec-
tions. For example, the energy require-
ments attributed to a polyethylene resin
plant may be specified as 500 Ib of ethylene
for feedstock, 500 ft* of natural gas, and
50 kWh of electricity to run the process
equipment, and 50 gal of diesel fuel to
transport the resin to consumers. In this
case; the 50 kWh would be converted to

180 MJ.

Combustion and Precombustion Values. To

report all energy usage associated with the
subsystem of concern in the template, the

e
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analyst may need to consider energy data
beyond the primary process associated with
combustion of the fuel. The energy used in
fuel combustion is only part of the total

energy associated with the use of fuel. The
amount of energy expended to acquire the
fuel also may be significant in comparison to
other energy expenditures. Energy to acquire
fuel raw materials (e.g., mining coal or drilling
for oil), process these raw materials into
usable fuels, and transport them is termed by
various practitioners as “precombustion
energy” or “energy of fuel acquisition”. Pre-
combustion energy is defined as the total
amount of energy necessary to deliver a usable
fuel to the consumer of the fusl.

Including precombustion energy is analo-
gous to extending the system boundaries for
fuels to raw material inputs. For example,
suppose the combustion of fuel oil in an
industrial boiler results in the release of
about 150,000 Btu per gallon. However,
crude oil drilling and production, refining,
and transporting the fuel oil require an
additional 20,000 Btu per gallon. This addi-
tional energy is the precombustion energy.
Thus, the total energy expended (precom-
bustion energy plus combustion energy)
when a gallon of fuel oil is consumed would
be 170,000 Btu. Generally, a complete
inventory will include precombustion
energy contributions because they represent
the true energy demand of the system.
Inclusion or exclusion of this contribution
should be clearly stated.

Energy Sources. Energy is obtained from a vari-
ety of sources, including coal, nuclear power,
hydropower, natural gas, petroleum, wind,
solar energy, solid waste, and wood biomass.
Fuels are interchangeable, to a high degree,
based on their energy content. For example,
an electric utility decides which fuel or other

energy source to use based on the cost per
energy unit. Utilities can and do use multiple
forms of energy sources, making possible an
economic decision based on the energy cost
per kilowatt-hour of electricity generated.
Manufacturing companies also choose among
energy sources on the same basis. However,
reasons other than cost, such as scarcity or
emissions to the environment, also affect the
energy source decision. For example, during
periods of petroleum shortages, finding prod-
ucts that use predominantly nonpetroleum
energy sources may be desirable. For that rea-
son, the inventory should characterize energy
requirements according to basic sources of
energy. Thus, it would consider not only elec-
tricity, but also the basic sources (such as coal,
nuclear power, hydropower, natural gas, and
petroleum) that produce the electricity.
Electricity. Considerations associated with
electricity include the source of fuel used to
generate the electricity and the efficiency of
the generating system. Power utilities typi-
cally use coal, nuclear power, hydropower,
natural gas, or oil to generate electricity.
Non-utility generation sources can include
wind power, waste-to-energy, and geo-
thermal energy. Accurately determining
electrical energy use and associated emis-
sions raises several complications, such as
relating the actual electricity use of a single
user to the actual fuel used.

Although a given company pays its bills to a
particular utility, the company is not simply
purchasing power from the nearest plant.
Once electricity is generated and fed into
power lines, it is indistinguishable from
electricity from any other source. Individual
generating stations owned by a given utility
may use different fuels. The electricity gen-
erated by these stations is “mixed” in the
transmission lines of that utility. The utility
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is interconnected with neighboring utilities
(also using various types of fuel), to form
regional grids, which then interconnect to
form a national grid. ’

Computational models currently used to
perform life-cycle inventories of electricity
in the USA are based on the fuel mix in
regional grids or on a national average. In
many cases where an industry is scattered
throughout the USA, the fuel mix for the
national grid (available from the U.S.
Department of Energy) can be used, making
calculations easier without sacrificing accu-
racy. Data for 1991 are shown in Table 1.

Table 1. US. National Electrical Grid Fuel Mix
for 199100
: Gigawatthours

Fuel (GWh) Percent
Coal 1,553,581 54.5
Nuclear 616,759 21.7
Hydro 291,657 10.2
Natural Gas 264,478 9.3
0il 112,146 3.9
Other® 10,339 0.4
Total 2,848,960 1000

(a) Sources: U.S. Department of Enargy, Energy Information
Ageacy, 1902; Canadian Electric Utilities and Natural

Energy Board, 1901,

(b} Canadian data ere estimates for 1901 based on 1000 ge
eration and export. Canadiar =xports are 0.9% of totai:
and were oqually allocated a. - “ss fuel types.

(c) Includes wood and wasto-to-energy sources but excludes

independent generators and minor sources

(e.g.. goothermal).
One exception to the national grid assump-
tion is the electroprocess industries, which
use vast amounts felectri- -v. Aluminum

smelting is the p- mary exz.. ple. It and the -

other electroprocessing industries are not
distributed nationally, so a national electric-
ity grid does not give a reasonable approxi-
mation of their slectricity use. They are

usually located in regions of inexpensive
electric power. Some plants have purchased
their own electric utilities. In recognition of
this fact, specific regional grids or data from
on-gite facilities are commonly used for life-
cycle inventories of the electroprocessing
The energy inefficiency of the electricity-
generating and delivery system must also be
considered. The theoretical conversion irom
the common energy unit of kilowatt-hours
(kWh) to common fuel units (Joules) is

3.61 MJ per kWh. Ideally, the analyst would
compute a specific efficiency based on the
electrical generation fuel mix actually used.
This value is derived by comparing the
actual fuels consumed by the electricity-
generating industry in the appropriate
regional or national grid to the actual
kilowatt-hours of electricity delivered for
useful work. The value includes boiler inef-
ficiencies and transmission line losses,
However, a conversion of 11.3 M] per kWh
may be used in most cases to reflect the
actual u- : of fuel to deliver electricity to the
consume: from the national grid.

Nuclear Power. Nuclear power substitutes
for fossil fuels in the generation of electric-
ity. There is no measurement of nuclear
power directly equivalent to the joules of
fossil fuel, so nuclear power typically is
measured at its fossil fuel equivalency. The
precombustion energy of nuclear power is
usually added to the fuel equivalency value.
The precombustion energy includes that for
mining and processing, as well as the
increased energy requirements for power
plant shielding.

Hydropower. Most researchers traditionally
have counted hydropower at its theoretical
energy equivalence of 3.61 MJ per kWh,

Reg
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with no precombustion impacts included.
No precombustion factors are used for
hydropower because water does not have an
inherent energy value from which line
transmission losses, etc., can be subtracted.
The contribution of the capital equipment is
small in light of the amount of hydroelectric
energy generated using the equipment. Dis-

. ruption to ecosystems typically has not been
considered in the inventory. However,
quantitative inventory measures that may be
suitable for characterizing related issues,
such as habitat loss due to land use conver-
sion, potentially could be included. Factors
addressing areal damage, recovery time, and
ecosystem function are under consideration
for inclusion in the impact analysis.

Energy Content of Material Resources. Many
materials analyzed in a life-cycle inventory
have an energy content. From a thermody-
namic perspective, it is important to ensure
that energy balance is maintained in each sub-
system. However beyond this, further distinc-
tions can be drawn.

The energy of material resources, also
known as fuel-related inherent energy or
latent energy of materials, accounts for
those products or materials that consume
raw materials whose alternative use is as a
fuel or energy resource (e.g., oil, natural gas,
and coal). Some materials are made from en-
ergy resources and, as stated earlier, inher-'
ent energy is a measure of the energy
implications of the decision to forego use of
~the resource as fuel. The primary example is
plastics, which are made from petroleum
and natural gas. Because the actual plastic
materials contain energy resources, result-
ing in a reduction of the planet’s finite
reserves, an energy value is assigned to the
plastic material in addition to the other
types of basic energy forms associated with

plastic production, such as process and
transportation energy. This additional
energy value is equivalent to the fossil fuel
combustion value of petroleum and natural

gas.

In assessing the energy content issue for
other material resources, different altsrna-
tives have been used by various researchers.
The first option involves asking whether or
not a given material is viewed as an energy
resource. For materials such as coal, natural
gas, and petroleum, there is no question.
However, in the case of wood, textiles, and
biomass crops, the answer is not as clear-
cut. In the USA, wood generally is not
viewed as a primary energy resourcs, so it
typically has not been counted as such for
U.S.-based studies. However, in performing
studies in areas of the world where wood is
a major energy resource, or for U.S. studies
involving activities in these areas, it would
be treated as a primary energy source.

The second option includes all raw materi-
als having an energy content. This approach
has been more widely but not universally
used in Europe (Tillman, et al., 1991;
Lundholm and Sundstrom, 1985). A third
option, combining some features of the first
two, is to track non-fuel inherent energy as a

separate category.

Residues and Renewable Energy Sources. An
important energy issue is the use of residues
and energy sources from manufacturing
operations, particularly those from agricul-
tural or forest product operations. These .
sources of energy are listed commonly in the
energy profile or characterization so that fur-
ther analysis in the impact study can be made.
However, the life-cycle inventory does not
give special credit or benefit for the use of
renewable energy resources. Renewable




resource definition was discussed previously
as a general raw materials issue.

Geographic Scope. Energy is an international
product. All kinds of fuels are imported and
exported, and electricity passes easily across
national boundaries. Much of the crude oil
used in the USA, for example, is produced in
Middle Eastern countries such as Saudi

" Arabia, Historically, data on inputs and out-
puts associated with acquiring oil often have
not been available for non-U.S. sources.
Where data related to procurement of energy
from a foreign source are not available, the
approach has been to apply U.S. data as an
initial estimate. When this approach is used,
the analyst should clearly state the
assumptions.

Energy from Waste Combustion. When waste is
bumed, energy can be recovered. The ques-
tion is how to properly include the energy in
an inventory. The energy value of combustible
waste, whether industrial or postconsumer,
historically is counted as the higher heating
value (HHV) of the materials in the combusted
waste with proper adjustment for moist-.re,

is no theoretical reason why the actual ther-
mal yield of a waste of known composition
cannot be determined. To calculate the
thermal yield would require offsetting the
HHV with both the moisture factor loss and
the incinersator losses. Historically, the energy
yield reduction associated with noncombusti-
ble materials introduced into an incinerator
also has not been debited. Energy must be
supplied to heat up these materials to the
incinerator operating temperature. For post-
consumer waste, proper accounting of the per-
centage sent to waste-to-energy facilities needs
to be made. This energy value is then credited

against the system energy requirements for the
primary product, resulting in net energy

requirements that are less than the total
energy requirements for the system.

Water. “*"ater volume requirements should be
incluc  n alife-cycle inventory analysis. In
some parts of the country, water is plentiful.
Along the coasts, seawater is usable for cool-
ing or other manufacturing purposes. How-
ever, in other places water is in short supply
and must be allocated for specific uses. Some
parts of the country have abundant water in
some years and limited supplies in other
years. Some industrial applications reuse
water with little new or makeup water
required. In other applications, however,
tremendous amounts of new water inputs are

required.

How should water be incorporated in an
inventory? The goal of the inventory is to
measure, per unit of product, the gallons of
water required that represent water unavail-
able for beneficial uses (such as navigation,
aquatic habitat, and drinking water). Water
withdrawn from a stream, used in a process,
treated, and replaced in essentially the same
quality and 2 the same location should not
be includec a the water-use inventory data.
Ideally, water withdrawn from groundwater
and subsequently discharged to a surface
water body should be included, because the
groundwater is not replaced to maintain its
beneficial purposes. Data to make this dis-
tinction may be difficult to obtain in a
generic study where site-specific informa-
tion is not available.

In practice, the water quantity to be esti-
mated is net consumptive usage. Consump-
tive usage as a life-cycle inventory input is
the fraction of total water withdrawal from
surface or groundwater sources that either is
incorporated into the product, coproducts
(if any), or wastes, or is evaporated. As in
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the general case of renewable versus nonre-
newable resources, valuation of the degree
to which the water is or is not replenishable
is best left to the impact analysis.

Outputs of the Product Life-Cyd
Inventory Analysis *Cyde

A traditional inventory quantifies three cat-
egories of environmental releases or emis-
sions: atmospheric emissions, waterborne
waste, and solid waste. Products and
coproducts also are quantified. Each of
these areas is discussed in more detail in
the following sections. Most inventories
consider environmental releases to be
actual discharges (after control devices) of
pollutants or other materials from a process
or operation under evaluation. Inventory
practice historically has included only regu-
lated emissions for each process because of
data availability limitations. It is recom-
mended that analysts collect and report all
available data in the detailed tabulation of
subsystem outputs. In a study not intended
for product comparisons, all of these pollu-
tants should be included in the summary
presentations.

A comparative study offers two options.

The first is to include in the summary pre-
sentation only data available for all alterna-
tives under consideration. The advantage of
this option is that it gives a comparable pre-
sentation of the loadings from all the alter-
natives. The disadvantage is that potentially
consequential information, which is avail-
able only for some of the alternatives, may
not be used. The second option is to report
all data whether uniformly available or not.
In using this option, the analyst should cau-
tion the user not to draw any conclusions
about relative effects for pollutants where

comparable data are not available. “Compar-
able” is used here to mean the same pollut-
ant. For example, in a summary of data on a
bleached paper versus plastic packaging
alternatives, data on dioxin emissions may
be available only for the paper product. The
second option is recommended for internal
studies and for external studies where
proper context can be provided. A discus-
sion of which pollutants are associated with
various regulations is included in the
appendix.

-Atmospheric Emissions

Atmospheric emissions are reported in units
of weight and include all substances classi-
fied as pollutants per unit weight of product
output. These emissions generally have
included only those substances required by
regulatory agencies to be monitored but
should be expanded where feasible. The
amounts reported represent actual dis-
charges into the atmosphere after passing:
through existing emission control devices.
Some emissions, such as fugitive emissions
from valves or storage areas, may not pass
through control devices before release to the
environment. Atmospheric emissions from
the production and combustion of fuel for
process aor transportation energy (fuel-
related emissions), as well as the process
emissions, are included in the life-cycle
inventory.

Typical atmospheric emissions are particu-
lates, nitrogen oxides, volatile organic com-
pounds (VOCs), sulfur oxides, carbon
monoxide, aldehydes, ammonia, and lead.
This list is neither all-inclusive nor is it a
standard listing of which emissions should
be included in the life-cycle inventory.
Recommended practice is to obtain and
report emissions data in the most speciated




General lssues

form possible. Some air emissions, such as
particulates and VOCs, are composites of
multiple materials whose specific makeup
can vary from process to process. All emis-
sions for which there are obtainable data
should be included in the inventory. There-
- fore, the specific em‘ ;sions reported for any
system, subsystem, or process will vary
depending on the range of regulated and
nonregulated chemicals.

Certain materials. such as carbon dioxide
and water vapor los sas due to evaporation
(neither of which is s regulated atmospheric
amission for most processes), have not bee
included in most inve -*ory studies in the
past. Regulations for ‘. -rbon dioxide are
changing as the debate surrounding the
greenhouse effect and global climate change
continues and the models used for its pre-
diction are modified. Inclusion of these
emerging emissions of concern is
recommended.

Waterbome Wastes

Waterborne wastes are reported in units of
weight and include all substances gene: aily
regarded as pollutants per unit of product
output. These wastes typically have
included only those items required by regu-
latory agencies, but the list should be
expanded as data are available. The effluent
values include those amounts still present
in the waste stream after wastewater treat-
ment and represent actual discharges into
receiving waters. For some releases, such as
spills directly into receiving waters, treat-
ment devices do not play a role in what is
revorted. For some materials, such as brine
w 9or extracted with crude oil and rein-

jer -d into the formation, current regula-
tions do not define such materials as
waterborne wastes, although they may be

considered in solid waste regulations under
the Resource Conservation and Recovery
Act (RCRA). ..:zer liquid wastes may also
be deep well injected and should be
included. In general, the broader definition
of emissions in a life-cycle inventory, in
contrast to regulations, would favor inclu-
sion of such streams. It can be argued, from
a systems analysis standpoint, that materials
such as brine should count as releases from
the subsystem because they cross the sub-
system boundary. If wastes and spills that
occur are discharged to the ocean or :cme
other body of water, these values are ciways
reported as wastes.

As with atmospheric wastes, waterborne
wastes from the production and combustion
of fuels (fuel-related emissions), as well as
process emissions, are included in the life-
cycle inventory.

Some of the most commonly reported water-
borne wastes are biological oxygen demand
(BQD), chemical oxygen demand (COD),
suspended solids, dissolved solids, oil and
grease, sulfides, iron, chromium, tin, metal
ions, cyanide, fluorides, phenol, phos-
phates, and ammonia. Again, this lisung of
emissions is not meant to be a standard for
what should be included in an inventory.
Some waterborne wastes, such as BOD and
COD, consist of multiple materials whose
composition can vary from process to pro-
cess. Actual waterborne wastes will vary for
each system depending on the range of r- :1-
lated and nonregulated chemicals.

Solid Waste .

Solid waste includes all solid material *:
is disposed from all sources within the
tem. The regulations include certain I:

and gases in the definition as well. Sc
wastes typically are reported by weix-
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Some analysts convert the weight to volume
using representative landfill density factors.
By estimating landfill volumes, researchers
can report the space occupied by the waste
in a landfill. If volume factors are used, both
weight and volume should be reported to
enhance comparability among studies.

Distinction is made in data summaries
between industrial solid wastes and post-
consumer solid wastes, as they are generally
disposed of in different ways and, in some
cases, at different facilities. Industrial solid
waste refers to the solid waste generated
during the production of a product and its
packaging and is typically divided into two
categories: process solid waste and fuel-
related solid waste. Postconsumer solid
waste refers to the product/packaging once
it has met its intended use and is discarded
into the municipal solid waste stream.

Process solid waste is the waste generated
in the actual process, such as trim or waste
materials that are not recycled as well as
sludges and solids from emissions control
devices. Fuel-related waste is solid waste
produced from the production and combus-
tion of fuels for transportation and operating
the process. Fuel combustion residues, min-
eral extraction wastes, and solids from util-
ity air control devices are examples of
fuel-related wastes.

Mine tailings and overburden generally are
not regulated as solid waste. However, the
regulations require overburden to be
replaced in the general area from which it
was removed. Furthermore, environmental
consequences associated with the removal
of mine tailings and overburden should be
included. The regulations do not require
industrial solid waste to be handled off site.
Therefore, researchers try to report all solid

waste from industrial processes destined for
disposal, whether off site or local. Histori-
cally, no distinctions have been made
between hazardous and nonhazardous solid
waste, nor have individual wastes been spe-
cifically characterized. However, in view of
the potentially different environmental
effects, analysts will find it useful to
account for these wastes separately, espe-
cially if an impact analysis is to be
conducted.

Products

The products, as identified in the template,
are defined by the subsystem and/or system
under evaluation. In other words, each sub-
system will have a resulting product, with
respect to the entire system. This subsys-
tem product may be considered either a raw
material or intermediate material with
respect to another system, or the finished
product of the system.

Again using the bar soap system, when
examining the meat packing subsystem,
meat, tallow, hides, and blood would all be
considered product outputs. However,
because only tallow is used in the bar soap
system, tallow is considered the only prod-
uct from that subsystem. All other material
outputs (not released as wastes or emis-
sions) are considered coproducts. If the life-
cycle assessment were performed on a
product such as a leather purse, hides
would be considered the product from the
meat packing subsystem and all other out-
puts would be considered coproducts.

Although for bar soap the tallow is consid-
ered the product from the meat packing sub-
system, it is simultaneously an intermediate
material within the bar soap system. Thus,
from these examples one can see that
classifying a material as a product in a
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life-cycle study depends, in part, on the
extent of the system being examined, i.e.,
the position from which the material is
viewed or the analyst’s point of view. This
point of view should become clear when the
template is applied to each subsystem
within the total system under evaluation.

Transportation

The life-cycle inver - includestheer 3y
requirements and er:.ssions generated by
the transportation requirements among : -
systems for both distribution and dispo:

of wastes. Transpor. on data are repor.d
in miles or kilometers shipped. This dis-
tance is then converted into units of ton-
miles or tonne-kilometers, which is an
expression involving the weight of the ship-
ment and the distance shipped. Materials
typically are transpor:ad by rail, truck,
barge, pipeline, and ocean transport. The
efficiency of each mods of transport is used
to convert the units of ton-miles into fuel
unit- -a.g., gallons of diesel fuel). The fuel
units are then convarted to energy uniis,
and calculations are made to determine the
emissions generated from the combustion of
the fuels. :

The template in Figure 8 shows that trans-
portation is evaluated for the product leav-
ing each subsystem. This method of
evaluating transportation avoids any inad-
vertent double-counting of transportation

- energy or emissions. Transpostation is
repoed only for the product of interest
from a1 subsystem and not for any coprod-
ucts of the subsystem, because the destina-
tion of the coproducts is not an issue. The
raw materials for the bar soap production
system (Figure 7), for example, include salt
from salt mining and trees from natural for-

est harvesting. Applying the template to
these two subsystems shows that the trans-
port of salt from the mining operation and
the transport of trees from the logging opera-
tion must be included in the data collected
for these subsystems. Logically, there is no
transport of raw materials into thesa subsys-
tems because the salt and trees were
attached to the earth prior to removal.

The salt is transported to chlorine/sodium
hydroxide plants, and the trees are trans-
ported to pulp mills. Applying the template
to these subsystems shows that the transport
of chlorine and sodium hydroxide from
those plants to pulp mills is part of the chlo-
rine production and sodium hydroxide sub-
systems. Likewise, the transport of pulp to
paper mills is part of the pulp mill subsys-
tem. The transport of raw materials, salt,
and trees into the subsystems (chlorine pro-
duction, sodium hydroxide production, and
pulp mills) now being evaluated has already
been accounted for in the evaluation of the
salt mining and natural forest harvesting
subsystems. Applying the template through-
out the bar soap system shows the evalua-
tion of transportation ending with the
postconsumer waste management subsys-
tem, where wastes may be transported to a
final disposal site.

Backhauling may be a situation where there
is some overlap between the transportation
associated with product distribution and the
transportation associated with recycling of
the product or a different product after con-.
sumer use. A backhanl has been described
as occurring when a truck or rail carrier has
a profitable load in one direction and is
willing to accept a reduced rate for a move
in the return direction. Backhaul opportuni-
ties occur when the demand for freight
transportation in one area is relatively low
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Figure 8
Allocating resources and environmental burdens for a product and coproduct

Source: Franklin Associates, Ltd.
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and carriers have a financial incentive to
move their vehicles, loaded or empty, to a
place where the demand for freight trans-
portation is higher. Due to the lowered
transportation rates, recycled materials,
especially paper and aluminum, are often*:
transported by backhauling. Thus, a carrier
may take a load of new paper from a mill to
customers in a metropolitan area and pick
up loads of scrap paper in the same area to
bring them back to the mill. In this scendrio,
backhauling may reduce the energy and
emissions associated with distribution of a

product by transferring the energy and emis-

sions that would be associated with the
empty return trip to the recycling stage.

Coproduct Allocation

Most industrial processes are physical and/
or chemical processes. The fundamentals of
life-cycle inventory are based on modeling a
system in such a way that calculated values
reasonably represent actual (measurable)
occurrences. Some processes generate mul-
tiple output streams in addition to waste
streams. Usually, only certain of these out-
put streams are of interest with respect to
the primary produst'beiag evaluated. The
term coproduct is used to define all output
streams other than the primary product that
are not wasts streams and that are not used
as raw materiais elsewhere in the system
examined in the inventory. A basis for
coproduct allocation needs to be selected
with carefu] :::{sntion paid to the specific
items calcula:ad. Figure 8 illustrates a com-
mon coproduct allocation scheme based on
mass, the most common allocation basis
used. Howgver, each industrial system must
be handled on a case-by-case basis. No allo-
cation basis exists that is always applicable.

Coproducts are of interest only to the point
where they no longer affect the primary
product. Subsequent refining of coproducts
is beyord the scope of the analysis, as is
transpo:: of coproducts to facilities for fur-
ther refining. In effect, the boundary for the
analysis is drawn between the primary
product and coproducts, with all materials
and environmental loadings attributed to
coproducts being outside the scope of the
analysis. For example, the production of
fatty acids from tallow for soap manufacture
generates glycerine, a secondary stream that
is collected and sold. Glycerine, therefore, is
considered a coproduct, and its processing
and use would be outside the scope of the
bar soap analysis.

Basis for Coproduct Allocation

The first step is to investigate any complex
process in detail and attempt to identify
unit subprocesses that produce the product
of interest. If sufficient detail can be found,
no copmduct allocation will be necessary.
The series of subprocesses that produce the
pmdud' can simply be summed. Many
metal manufacturing plants illustrate this
approach. In steel product manufacture, all
products are made by melting the raw mate-
rials, producing iron, and then producing
raw steel. These steps are followed by a”
series of finishing operations that are
unique to each product line. It is generally
possible to identify the particular
subprocesses titthe finishing sequence of
eaci product and to collect sufficient data
to cazTy out the life-cycle inventory without
coproduct allocation. In many cases, a care-
ful analysis of unit systems will avoid the
need to make coproduct allocations. Still, in
some cases, such as a single chemical
reaction vessel that produces several differ-
ent products, there is no analytical method




Genersl lssues

for cleanly separating the subprocesses. In
this example, coproduct allocation is
necessary.

The analyst needs to determine the specific
resource and environmental categories
requiring study. For a given product, differ-
ent coproduct allocations may be made for
different resource and environmental cate-
gories. To find the raw materials needed to
produce a product, a simple mass balance
will help track the various input materials
into the output materials. For instance, if a
certain amount of wood is needed to pro-
duce several paper products and the analy-
sis concerns only one of the products, a
mass allocation scheme as shown in Fig-
ure 8 will be used to determine the amount
of wood required for the target product.

If a process produces several different
chemical products, care must be taken in
the analysis. It will be necessary to write
balanced chemical equations and trace the
chemical stoichiometry from the raw mate-
rials into the products. A simple mass allo-
cation method frequently gives reasonable
results, but not always. In calculating
energy, heat of reaction may be the appro-
priate basis for allocating energy to the vari-
ous coproducts. These calculations can
become quite complex, but if the chemical
products being produced are similar, experi-
ence has shown that a simple mass alloca-
tion very closely approximates the results of
even more complex calculations.

If the various coproduct chemicals are quite
different in nature, some other allocation
method may be needed. For example, an
electrolytic cell can produce hydrogen and
oxygen from water. Each water molecule
requires 2 electrons to produce 2 hydrogen
atoms and 1 oxygen atom. On a macroscopic

basis, electricity that produces 1 mole (or

2 grams) of hydrogen only produces one-
half mole (or 16 grams) of oxygen. Thus, the
input electrical energy would be allocated
between the hydrogen and oxygen coprod-
ucts on a molar basis. That is, two-thirds of
the energy would be allocated to the hydro-
gen and one-third to the oxygen, resulting in
an energy per unit mass for hydrogen that is
16 times that of oxygen. However, conserva-
tion of mass is used to determine the materi-
als requirements. Each mole of water

(18 grams) contains 2 grams of hydrogen
atoms and 16 grams of oxygen atoms, and
the dissociation of the water results in

2 grams of hydrogen and 16 grams of oxy-
gen. Thus, a mass allocation would be -
appropriate for raw material calculations in
this example.

For environmental emissions from a
multiple-product process, allocation to dif-
ferent coproducts may not be possible. For
example, in a brine cell that produces
sodium, chlorine, and hydrogen as coprod-
ucts, it may be tempting to associate any
emissions containing chlorine with the
chlorine coproduct alone. However, because
the sodium and hydrogen are also produced
by the same cell and cannot be produced
from this cell without also producing chlo-
rine, all emissions should be considered as
joint wastes. The question arises as to how
to allocate chlorine emissions (as well as
other emissions) to all three products. There
is no entirely satisfactory solution, but com-
mon practice based on chemical engineer-
ing, chemistry, and physics experience is to
apply a mass allocation scheme as a reason-
able modeling technique.

It has been suggested that the selling price
of the coproducts could be used as a basis
for this allocation. This solution is not
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entirely satisfactory begause the selling
prices of the various céinroducts vary greatly
with time and with independent competi-
tive markets for each coproduct. Although a
mass allocation basis may not be ideal, it is
a widely recognized practice and produces a
predictable and.stable result.

It is necessary to carefully-wrialyze eatmpro-
cess and determine a be#= for coproduct
allocation based on the mmysical and chemi-
cal processes, and basedon the resource
and environmental parameters under study.
However, when no such system can be
agreed upon, a simple mass allocation can
be used. E

One final issue is the disfinction between
marginal wastes and coproducts. In some
cases it is not clear whether a material is a
waste or a coproduct. A hypothetical exam-
ple might be a valuable mineral that occurs
as 0.1% of an ore. For each pound of min-

- eral product, 999 1b of unneeded material is
produced. This discarded material might
find use as a road aggregate. As such, it has
value and displaces other commercial aggre-
gates and appears to be a coproduct along

. with the valuable mineral. However, its
value is so low that in some cases it may
simply be dumped back on the ground
because of limited markets. Whether this
material is considered a waste or a coprod-
uct may have a significant effect on the
results of a product life-cycle inventory. It
does not seem reasonable to use a simple
mass allocation scheme here. It is more rea-
sonable to assume that all of the energy and
other resources and emissions associated
with this process are incurred becauss of
the desire for ths valuable product . zeral.
However, there are some cases where the
“waste” has marginal, but greater valus than
the example used here. It becomes difficult

" in these instances to determine precisely

which of the coproduct allocation method-
ologies discussed above is most “correct”.

One important role of an inventory is to pro-
vide information upon which impact analy-
sis and improvement analysis can be based.
In cases where there is no clear methodolog-
ical solution, the inventory should include
reasonable alternative calculations. It
remains at some later time-to make the judg-
ments as to which of severq) reasonable
alternatives is the correct ofi¥f. In any event,
it should be made clear what assumptions
were made and what procedures were used.
industrial Scrap

Onse coproduct stream of particular interest
is industrial scrap. This term is used to spe-
cifically identify process wastes of value
(trim scraps and off-spec materials) that are
produced as an integral part of a manufac-
turing process. Further, the wastes have
been collected and used as input materials
for additional manufacturing processes. The
last criterion is that these scrap materials
have never been used as originally intended
when manufactured. For example, a com-
mon polyurethane foam product is seat
cushions for automobiles. The trim from
cutting the cushions is never incorporated
into seat cushions. Likewise, off-spec seat
cushions sold as industrial scrap are never
used as seat cushions, but are used as input
material for another process.

A careful distinction must be made between
industrial scrap and postconsumer waste for
proper allocation in the inventory. If the
industrial scrap is to be collected and used
as a material input to a production system
or process, it is credited in the life-cycie
inventory as a coproduct at the point where
it was produced. Unfortunately, systems
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that use material more efficiently, i.e., that
produce lesser amounts of salable coprod-
ucts, assume a higher percentage of the
upstream energy and releases using this
criterion.

When the consumption of a coproduct falls
within the boundaries of the analysis, it
must no longer be considered as a coprod-

" uct, but as a primary product carrying with
it all the energy requirements and environ-
mental releases involved with producing it,
beginning with raw materials acquisition.
For example, a study of carpet underlay-
ment made from polyurethane scrap would
include the manufacturing steps for produc-
. ing the polyurethane scrap. Its production
must be handled as is any other subsystem
of a life-cycle inventory. Industrial scrap
does not displace virgin raw materials,
because the consumption of the industrial
scrap redefines the system to include the
virgin materials for its production (isocya-
nates and polyalcohols in the case of poly-
urethane foam). Tallow (Figure 7) is another
example of a material that would be defined
as an industrial scrap/coproduct. Histori-
cally, the thinking has been that once a
material shifts from the waste category to
being a utilized material, or a coproduct,
then it should bear some of the burden
(energy, raw/intermediate material input,
and environmental releases) for its own
production.

DATA ISSUES

The gathering of data for each subsystem of
the inventory is one of the greatest chal-
lenges in the inventory process. The defined

purpose, goals, and objectives for the inven-
tory will in part determine how these data

issues are viewed or considered.

Data Quality

The quality of data used will significantly
influence results. Because of the importance
of data quality in life-cycle assessments,
EPA is specifically addressing this issue in a
separate guidelines documant. This section
presents an overview of some of the major
data quality issues with respect to
inventories.

Because lifo-cycle inventories are data-
intensive and data quality can affect the out-
come of an assessment, the development of
uniform criteria is crucial for selection and
reporting of data sources and types. Some
basic objectives for data quality should be
specified by the analyst based on the
defined purpose for the study. From a data
perspective, life-cycle inventories can be
thought of as comprising two parts: a set of
process and activity measurements that are
amenable to standard statistical treatments,
and a set of assumptions and decision rules
for combining the data sets into a system.
This discussion of data issues applies pri-
marily to process and activity measure-
ments. Considerations should include age of
the data (because the technology on which
data are based can become obsolete), fre-
quency of data collection (ensuring that sea-
sonal or other variability in the system is
properly captured), and representativeness
of the data (inclusion of the mix of activities
that may contribute to an environmental
loading). In addition, more traditiona! indi-
ces of data quality (accuracy, precision,
detection limits, and completeness) should
be evaluated with regard to life-cycle inven-
tory applications.

The most accurate and recent data are desir-

able for performing a life-cycle inventory.
All data received must be critically
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reviewed regarding the source and content
before the data are used. Much of the data
gathered for the performance of a life-cycle
_inventory is actual industry data, either
direct facility measurements or indirect esti-
- mates from published summaries. Thus,
accuracy is determined by the quality of the
measurement or estimation procedures

" where all of the variables may not be known
or controlled, and by the averaging process
to obtain representative subsystems. Many
plants produce several products >ften from
the same processes; thus some « :ineering
estimation is often involved in guting repre-
sentative data for a particular product or
process. Many plants may produce the same
product, but the processes, energy usages,
and environmental loads may differ among
plants. Thus, when data are gathered and
-averaged, the resulting data may not be
characteristic of any existing plant.

Data confidentiality may also affect accu-
racy. Much of the data in a life-cycle inven-
torv are from industry, either directly or

in .rectly. Ideally, comr 1nies using inven-
tc: 3s publicly would report all data. If the
inventory is to be publicly scrutinized and
traceable, the data generally are aggregated
to a more general level than if the data were
guaraateed to be confidential. However, use
of a peer review process at the most specific
and detailed data collection level can help
ensure that minimal concessions to accu-
racy loss are made and that variability mea-
sures are provided.

Specific and detailed data sources for all
steps of the life cycle of a product are not
always available, and researchers must
resort to more general, and perhaps less
accu. e datasou es, such as textbooks.
periodicals, and public databases, whicn
lack the level of detail desired for all the

steps. In particular, formal data quality cri-
teria often are not included in databases.
Lack of data can be overcome in several
ways. If the process in question is similar to
other processes for which data are available,
comparisons and estimates can be made.
Much of the time, processes for which data
are unobtainable or of uncertain quality rep-
resent a small portion of the entire system to
bo analyzed. Performing and applying a sen-
sitivity analysis helps identify the relative
mpggance of a particular step and can
the amount of work necessary to

data that meet the needs of the inven-
tory. At a minimum, the analyst should
identify uncertain data and, if possible, esti-
mate the degree of uncertainty.

Sensitivity Analysis

As noted in Chapter Three, sensitivity
analysis is a systematic procedure for esti-
mating the effects of data uncertainties on
the outcome of a computational model.
Applying sensi: ‘ty analyses to a life-cycle
inve::ory beg:  airly during the establish-
men: ofthe bc-  .aries and cc-tinues
throughout the - :mainder of the inventory.
It is not possible to establish a priori the sig-
nificance of any individual contribution to
the final inventory data set. The true test of
whether an element is significant to an
inventory is the sensitivity of the final result
to the element’s inclusion or exclusion,
although experience allows trends to be
Typically, a sensitivity analysis is con-
ducted by evaluating the range of uncer-
tainty in the input data and recalculating
the model’s output to see the effect. Thus.
higher levels of 1certainty in strongly
influential varic as will be less acceptable
if the objectives .: the study are to be met.
Rules have been :ormulated to determine
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how much and in which combinations the
inputs should be varied. As a rule if an esti-
mate of the true variability, such as a mea-
sured statistical variance, is known, it
should form the basis for the high- and low-
range uncertainty estimates. The 95% confi-
dence bounds are generally used for this
purpose. For many inputs, the variability
may not be known or may reflect variations
in the feedstock over the period of time for
which the inventory is being prepared. It is
usual, in these instances, to vary the input
by a range around its expected mean value.
This may be 5% for some variables and an
order of magnitude or more for others.

Frequently, in setting the boundaries of the
inventory, that is, in answering the question
of how far back to go, such order-of-
magnitude estimates may be used to decide
which input values require specification to
a higher level of accuracy and which may be
left “as is.” Consider a simple, linear system
with four inputs and an output as follows:

(a,A, +(1-0,)A)+B+C=D

where D is the total emission of an air pollu-
tant, and A, B, and C, are individual unit
process contributions to the total overall
amount of D. Each process may be further
divided into subprocesses. The fractions a,
and 1-a, determine the relative coatribu-
tions from subprocesses to process A.

In setting up the boundaries, an analyst may
want to decide if a process should be
included or if order-of-magnitude estimates
are acceptable. By running the calculations
with and without a given process or by set-
ting upper and lower ranges for the contri-
bution, it is possible to decide whether a
variable has a large or small effect. The rules
for deciding simultaneous input variability
are not well defined. However, the probabil-

ity of all parameters simultaneously being at
one extreme of the uncertainty range is low.
Therefore, it is recommended that the ana-
lyst evaluate single variables at extremes of
their estimated uncertainty range and then
consider simultaneous variability of only
the few most critical variables. These varia-
bles will either most influence the outcome
or have the greatest uncertainty. In choosing
which parameters to vary and in what
amounts, the analyst should bear in mind
that sensitivity analysis is a descriptive pro-
cedure. That is, its purpose is to differenti-
ate more important and less important
inputs, not to quantify overall uncertainty
in the system.

Two purposes of sensitivity analysis are
served by including and reporting it in ev-
ery study. First, the analyst has a mecha-
nism for deciding whether to expend
additional effort to improve a critical data
value or better characterize a subsystem. °
Second, decisionmakers have a map of the
study showing quantitative areas of uncer-
tainty. In many cases, the physical nature of
the system under consideration dictates
which inputs should be evaluated as a
group, because changes in one variable may
determine the range of others.

Accurecy and Precision

Data on specific inputs and emissions are
preferable in an inventory. For example,
data from the manufacturing plants and
processes directly related to the material,
product, process, activity, or service under
consideration should be used whenever
possible. Actual data should be used rather
than estimates or regulatory limits. Assump-
tions and conventions used to gather and
report data should be consistent and
equitable.




General issues

]

Data should be collected at as detailed a
level as possible, which allows for a more
detailed analysis and reporting, and all
emissions should be recorded at the same
time. If aggregation has taken place prior to
obtaining the data for the inventory, pre-
cluding disaggregation, it should be so
noted.

Data in existing life-cycle inventories are
sometimes reported in an aggregated form,
such as listing all VOCs together. However,
individual chemicals in such groups can
have very different environmental proper-
ties. An adequate int- )retation of these
chemicals in the context of a life-cycle
inver. :ory requires that chemicals be listed
individually. If the available data do not
allow individual listing, or confidentiality
precludes individual listing, this condition
must be noted. Even more importantly, the
analyst should avoid the implication that
this type of categorical grouping can be
compared across materials or life-cycle
stages.

The various waste streams are characterized
by measuring the concentrations of chemi-
cals or of conventional parameters, e.g.,
COD and BOD, and the analytical methods
used are reported. The variability of the
measured data has to be taken into account.
This can be done by listing the range of con-
centrations, minimum and maximum val-
ues, or a computed statistical deviation from
the mean. For small data sets where statisti-
cal treatment would reveal the individual
data points, a more descriptive statement of
variability, e.g., less than a factor of two, is
acceptable if the data are proprietary. In a
number of cases, actual data will not be
available for the volume of some emissions
from waste treatment units. Sometimes it is
possible to estimate the partitioning of a

compound among the different media (air,
water, solid waste). When such estimates
are made, assumptions and calculations
have to be reported. The sensitivity of the
life-cycle inventory output to changes in
this estimation should be explained when
uncertainty exists about the accuracy of the
estimation.

Data Source Attribution

Currently, little consistency exists regarding
the specificity of source data used in life-
cycle inventories. The degree of specificity
needed is highly dependent on the scope of
the study. In general, internal studies will
contain more site-specific data. However,
the analyst should recognize the difference
between the reporting of inventory dataon a
non-site-specific basis and subsequent
impact analyses that may require additional
specificity. Further, no requirements have
existed regarding specification of the type of
source data used in studies. Because selec-
tion of varying qualities of source data can
materially affect the life-cycle inventory
results, the life-cycle inventory should doc-
ument in detail the data source, how it was
measured or calculated, and its type (e.g.,
average, worst-case, best-case, case-
specific), and should include a discussion
of its limitations, variability, and impact on
the study results.

Uncertainty

During the data collection process, some

gaps in data will likely be encountered. Sev-
eral situations may occur as a result:

¢ Absence of data from one of several pro-
ducers of a particular product or mate-
rial. Where a variety of technologies exist,
it may be more appropriate to assume the
missing data are equal to the quantity
averaged over only the plants reporting.

hi
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assign that value to the missing data, and
then average the total (Fava et al., 1991).
For example, if only three of five produc-
ers report the data, then only three data
points will be averaged to represent the
entire process. The degree of complete-
ness should be reported in the results
presentation.

¢ Lack of consistency on how many consti-
tuents are being recorded (i.e., not every
entity may collect the same data on a pro-
cess). The best approach is to document
the omission by making explicit that data
were missing, not that the value was zero
(i.e., during reporting, if summations are
used they should be footnoted to explain
that actual values may be higher or lower
due to missing data) (Fava et al., 1991).

* Depending on conventions, data may be
reported as nondetectable or as less than
a certain value (the detection limit). If
nondetectable entries are used, the detec-
tion limits should be reported. If data are
reported as less than a certain value, that
value should be used. Total numbers
should be footnoted to indicate that
actual values may be lower.

Some analysts report that the margin of sig-
nificant difference in particular data catego-
ries for a life-cycle inventory is £10-25%.
Sensitivity analyses examining the high and
low ranges of data points and weight ratios
support this assertion. However, indepen-
dent verification of these claims has not
been made. The nature of the overall
accounting error is predominantly system-
atic, and is thus determined by data sources
and methods rather than by measurement
randomness. In consequence, alternatives
where the solid waste volumes, for example,
differ by only 6% would not be significantly

different. The analyst should clearly com-
municate when the data do or do not sup-
port a conclusion about differences among
alternatives.

Representativeness

To ensure representativeness, characteris-
tics of the sample must correspond suffi-
ciently closely to the studied population to
represent that population. Some issues
regarding representativeness can be
resolved by reviewing the experimental
design and the way results are reported. At
a minimum, the degree to which the
reported data encompass the population
should be stated. Such a statement for the
bar soap example might be,“This study uses
data covering 83% of domestic tallow
production.”

Occasionally inventory data are difficult to
obtain for certain steps of the system or
even for certain inputs or outputs of a sub-
system. It is important to evaluate critically
whether it is worth the time and effort to
obtain data for some of the minor subsys-
tems of the study. When literally thousands
of numbers are involved in an analysis,
most individual numbers contribute little to
the overall analysis, especially if they have
to do with a relatively minor component.
Sometimes data for similar processes can be
used to estimate the data for a minor com-
ponent of the system. If data are carefully
estimated in this way, potential error from
estimating the data can be minimized. The
importance of any data input on the results
can be determined by performing a sensitiv-
ity analysis.
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The time period that data represent should
be long enough to smooth out any devia-
tions or variations in the normal operations
of a facility. These variations might include
plant shutdowns for routine maintenance,
startup activities, and fluctuations in levels
of production. Often data are avail-nle a
fiscal year of production, which is .. ‘a
sufficient time period to cover such
variations.

Specific Data versus Composite Data

When the purpose of the inventory is to find
ways to improve internal operations, it is
best to use data specific to the system that is
being examined. These types of data are
usually the most accurate and also the most
helpful in analyzing potential improve-
ments to the environmental profile of a sys-
tem. However, private data typically are
guarded by a confidentiality agreement, and
must be protected from public use by some
means. Composite, industry-average data
are preferable when the inventory results
are to be used for broad application across
the industry, perticularly in studies per-
formed for public use. Although composite
data may be less specific to a particular
company, they are generally more represen-
tative of an industry as a whole. Such com-
_ posite data can also be made publicly
available, are more widely usable, and are
more general in nature. Composite data can
be generated from facility-specific data in a
systematic fashion and validated using a
peer review process. Variability, representa-
tiveness, and other data quality indicators
can still be specified for composite data.

Geographic Specificity

Natural resource and environmental conse-
quences occur at specific sites, but there are
broader implications. It is important to
define the scope of interest (regional vs.
national vs. international) in an inventory.
A loca! ~smmunity may be more interested
indi.  -onsequences to itself than in
globa. 1cems.

In general, most inventories done domesti-
cally re‘ate only to that coustry. However, :f
the an- -sis considers imported 6il, the oil-
fieldi .es generated in the Middle East
shoul  considered. i has been suggested
that tt - -esults of life-cycle inventories
indicate which energy requirements and
environmental releases (of the total environ-
mental profile of a product) are local. How-
ever, due to the fact that industries are not
evenly distributed, this segmenting can be
done only after an acceptable level of accu-
racy is agreed on. The United States,
Canada, Western Europe, and Japan have
the most accurate and most readily available
information on resource use and environ-

" mental releases. Global aspects should be

considered when performing a study on a
system that includes foreign countries or
products, or when the different geographic
locations are a key difference among prod-
ucts or processes being compared. As a
compromise, when no specific geographical
data exist, practices that occur in other
countries typically are assumed to be the
same as for their domestic counterparts.
These assumptions and the inherent limita-
tions associated with their application
should be documented within the inventory
report. In view of the more stringent envi-
ronmental regulations in developed coun-
tries, this assumption, while necessary,
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often is not correct. Energy use and other
consequences associated with importing
materials should also be included.

TYecdhnology Mixes/Energy Types

For inventory studies of processes using
various technology mixes, market share dis-
tribution of the technologies may be neces-
sary to accurately portray conditions for the
industry as a whole. The same is true of
energy sources. Most inventories can be
based on data involving the fuel mix in the
national grid for electricity. There are
exceptions, such as the aluminum electro-
processing industry previously discussed.
Variations of this kind must be taken into
account when applying the life-cycle inven-
tory methodology. Also, as previously men-
tioned, conditions can differ greatly across
international borders.

Data Categories

Environmental emission databases usually
cover only those items or pollutants
required by regulatory agencies to be
reported. For example, as previously men-
tioned, the question of whether to report
only regulated emissions or all emissions is
complicated by the difficulty in obtaining
data for unregulated emissions. In some
cases, emissions that are suspected health
hazards may not be required to be reported
by a regulatory agency because the process
of adding them to the list is slow. A specific
example of an unregulated emission is car-
bon dioxide, which is a greenhouse gas sus-
pected as a primary agent in global
warming. There is no current requirement
for reporting carbon dioxide emissions, and
it is difficult to obtain measured data on the

amounts released from various processes.
Thus, results for emissions reported in a
life-cycle inventory may not be viewed as
comprehensive, but they can cover a wide
range of pollutants. As a rule it is recom-
mended that data be obtained on as broad a
range as possible. Calculated or qualitative
information, although less desirable and
less consistent with the quantitative nature
of an inventory, may still be useful.

RoutineFugitive/Accidental Releases

Whenever possible, routine, fugitive, and
accidental emissions data should be consid-
ered in developing data for a subsystem. If
data on fugitive and accidental emissions
are not available, and quantitative estimates
cannot be obtained, this deficiency should
be noted in the report of the inventory
results. Often estimates can be made for
accidental emissions based on historical

data pertaining to frequency and concentra-
tions of accidental emissions experienced at

a facility.

When deciding whether to include acci-
dents, they should be divided into two cate-
gories, based on frequency. For the
low-frequency and high-magnitude events,
e.g., major oil spills, tools other than life-
cycle inventory may be appropriate. Unus-
ual circumstances are difficult to associate
with a particular product or activity. More
frequent, lower magnitude events should be
included, with perhaps some justification
for keeping their contribution separate from
routine operations.

SPECIAL CASE BOUNDARY ISSUES
In all studies, boundary conditions limiting
the scope must be established. The areas of
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capital equipment, personnel issues, and
improper waste disposal typically are not
included in inventory studies, because they
have been shown to have little effect on the
results. Earlier studies did consider them in
the analysis; later studies have verified thair
minimal contribution to the total syster:
profile. Thus, exclusion of contributions

. from capital equipment manufacture, for
example, are not excluded a priori. The
decision to include or not to include them
should be clearly noted by the analyst.

Capital Equipment

The energy and resources that are required
to construct buildings and to build process
equipment should be considered. However,
for most systems, capital expenditures are
allocated to a large number of products
manufac: ed during the lifetime of the
equipme: Therefore, the resource use and
environmental effluents produced are usu-
ally small when attributed to the system of
interest The energy and emissions involved
with  .tal equipment can be excluded
whe ..o manufacture of the item itself
accounts for a minor fraction of the total
product output ov: - the life of the
equipment.

nrsonnol-bsues

Inventory studies focus on the comprehen-
sive results of product consumption, includ-
ing manufacturing. At any given site, there

are personnel-related effluents from the
manufacturing process as well as wastes
from lunchroom trash, energy use, air con-
ditioning emissions, water pollution from
sanitary facilities, and others. In addition,
inputs and outputs during transportation of
personnel from their residence to the work-
place can be significant, depending on the
purpose and scope of the inventory. In
many situations, the personnel conse-
quences are very small and would probably
occur whether or not the product were man-
ufactured. Therefore, exclusion from the
inventory may be justified. The analyst
should be explicit about including or
excluding this category. For these issues,
the goals of the study should be considered.
If the study is comparative and one option
is significantly different in personnel or
capital equipment requirements, then at
least a screening-level evaluation should be
performed to support an inclusion or exclu-
sion decision.

improper Waste Disposal

For most studies it is assumed that wastes

are properly disposed into the municipal
solid waste stream or wastewater treatment
system. lllegal dumping, littering, and other
improper waste disposal methods typically
are not considered in life-cycle inventories
as a means of solid waste disposal. Where
improper disg+.;al is known to be used and
where environsieatal effects are known or
suspected, a case may be made to include
these activities.




Chapter Five

ISSUES APPLICABLE TO
SPECIFIC LIFE-CYCLE STAGES
INTRODUCTION RAW MATERIALS
This chapter discusses the issues specificto = ACQUISITION STAGE

each of the four life-cycle stages, i.e., raw
materials and energy acquisition, manufac-
turing, use/reuse/maintenance, and
recycle/waste management. In addition, the
steps in manufacturing are discussed indi-
vidually. The subsystem boundaries, as
well as specific assumptions and conven-
tions, are discussed for each stage and step.

Major Concepts—Raw Materials

¢ The resource requirements and environmen-
tal emissions are calculated for all of the
processes invoived in acquiring raw materi-
als and energy. This analysis involves tracing
materials and energy back to their sources.

e Consequences of the raw materials acquisi-
tion stage indude nontraditional inventory
outputs, such as land use changes, and non-
chemical releases, such as odor or noise. To
the extent they are quantifiable, such out-
puts may be incorporated.

e When fuel sources become input materials

for a manufacturing process, an energy fac-
tor accounts for the unused energy inherent

in the fuel.

The life cycle of any product or material
begins with the acquisition of raw materials
and energy sources. For example, crude oil
and natural gas must be extracted from
drilled wells, and coal and uranium must
be mined before these materials can be pro-
cessed into usable fuels. All of these activi-
ties fall into the raw materials acquisition
stage.

w Boundaries

The subsystem boundaries for raw materi-
als acquisition encompass the actual pro-
cess(es) of acquiring the raw material, i.e.,
obtaining the material from the earth or
earth’s surface as it naturally occurs. Raw
materials acquisition includes any energy
and water used and environmental releases.
Other consequences that are measurable,
such as land use changes, also may be
included. Transport of the raw materials to
the point of refining and processing is also
included within the boundaries of the raw
materials acquisition subsystems.

Figure 9 illustrates the manufacture and

use of bar soap on a life-cycle basis. The
shaded areas show the subsystems that are
included in the raw materials acquisition
stage of this system. In this example, the
raw materials acquisition stage includes the
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Figure 9
The first step in a product’s iife cycle is the acquisition of raw materials and energy
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planting, harvesting, and processing of
silage, grains, and hay; salt mining; natural
forest harvesting; and the planting and har-
vesting of planted forests. The energy
expended and water used in acquiring the
raw materials is included in this stage. The
environmental emissions and wastes pro-
duced in the activities related to raw mate-
. rials acquisition also are included in this
stage.

A typical life-cycle inventory of a product
evaluates the primary product and may
include associated primary, secondary, and
tertiary packaging. For example, the analy-
sis of bar soap includes the manufacture of
tallow and sodium hydroxide for soap mak-
ing, paper for packaging the soap (primary
packaging), and corrugated boxes for ship-

ping the soap (secondary packaging). The
manufacture of each material included in

the analysis begins with the acquisition of
the raw materials necessary to produce
each component. Any fuel, chemical, addi-
tive, or material that is significant enough
to be included in the analysis is traced back
to its raw material acquisition step. For
example, large quantities of fertilizers and
pesticides are used to produce silage, grain,
and hay, which are the raw materials for
tallow production. Thus, the energy and
emissions for the production of the fertiliz-
ers and pesticides need to be calculated in
the inventory, including the mining and
crude oil production steps to acquire the
raw materials used to produce the fertiliz-

- ers and pesticides.

In a traditional inventory, a material con-
tributing less than 1% by weight of the total
system typically contributes less than 1%
to the total emissions of a particular inven-
tory item and can be omitted from the
inventory. The “less than 1% " effect is gen-

erally considered insignificant. This
approach is based on many years of con-
ducting such studies and not on statistical
or technical grounds. However, it does not
make any assumptions regarding the envi-
ronmental significance of the emission.
Thus, one problem with a blanket applica-
tion of this approach is that toxic materials
could inadvertently be eliminated from the
inventory analysis even though they pre-
sent a serious potential environmental
impact. Most practitioners examine the sys-
tem and make exceptions to a strict inter-
pretation of the “less than 1%" rule where
toxic materials are concerned.

In practice, the significance of a specific
item to the inventory may be determined by
performing a sensitivity analysis of that
item. If omission of the item does not affect
the ability to use the data to support the
purpose of the inventory, the item may be
exciuded from the study. For instance, the
printing ink on a folding carton may be less
than 1% by weight of the system and prob-
ably can be eliminated from the system
with little effect on overall data accuracy.
However, the printing ink on a thin plastic
film may be 10% or more by weight of a
different system and probably should be
factored in to maintain the overall accuracy
desired. If concerns about toxic constitu-
ents in the ink are an issue, two options are
available. One is to include the ink in the
folding carton inventory. When this is
done, however, depending on the number
of product units for which the final data are
reported, the emissions associated with the
ink can get lost in the overall data. The
other option is to conduct a separate inven-
tory on the ink.

Another example would be the cleaning
agents or routine maintenance chemicals
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used in a process, such as volatile organic
solvents used to clean a printing press. If
the system being examined is large in
scope, these chemicals will probably be
shown by sensitivity analysis to be insignif-
_icant. If the study is focused on a specific
process, such as the printing operation
itself, the cleaning agents and maintenance
chemicals probably will be significant.

" Therefore, if a material or chemical is a sig-
nificant part of the system, the inventory
should include its production, including
the raw material acquisition steps for pro-
ducing it. :

andewentlm'nsm's

Raw Materiili Acquisition

Analysis of amaterial or product begins
with specifi¢ data for the acquisition of raw
materials. Fot example, analysis of the
manufacture.of the paper used to package a
bar of soap will begin with the mining of
salt and haryesting of trees, because these
are the raw materials needed to produce
paper. Specific assumptions for the acquisi-
tion of raw materials are listed below:

- Gemeral 1. The acquisition of a raw material or
energy source requires a disturbance to the
environment. Ecosystems are impacted in the
harvesting of trees, in mining for minerals, in
using land to produce agricultural crops, and
in drilling for petroleum or natural gas.
Resource requirements that can be quantified
should be included in the life-cycle inven-
tory. Statistics are available that quantify
such effects as pesticide runoff from agricul-
tural activities, brine production from oil
wells, waterborne wastes from animal feed-
lots, etc. However, other consequences of raw

\

materials acquisition are not routinely mea-
sured and would be difficult to quantify, such
as soil erosion, damage to watersheds,
thermal pollution, and habitat destruction. If
measures of these outputs can be provided by
the analyst, they can be inciuded in the
inventory. There is presently no consensus
among practitioners regarding the inclusion
of qualitative factors in the text of an inven-
tory report. These would be covered in an
impact analysis.

Generzal 2. Traditional fuels such as petrol-
eum, aatural gas, or coal are sometimes used
as rz-v materials. For example, crude oil and
natural gas are raw materials for plastic
products. When these traditional fuels are
used as raw materials, they are assigned an
inherent energy:value (also called energy of
material resousce or latent energy) equal to
the heat of combustion of the raw material
because the fuels have been removed from
the total fuel supply.

Because wood is not commonly used as a
fuel in the USA and the wood that is used
as a fuel n‘i‘ihﬂustry is typically a waste
product (e from a pulp or paper
mill), scvoml options for handling the
energy value of wood deserve considera-
tion. First, it is unlikely that wood waste
would be used as fuel for another industry
within the USA because of its location, so it
can be assumed that it would become a
solid waste if it were not burned at the
paper mill. Thus, one option is to avoid
giving an inherent energy value to wood
when it is used as a raw material in the
USA. If the study were performed in a
country where wood is a primary fuel, then
an eaergy of material resource value equal
to the wood’s heat of combustion would be
assigned to any wood used as a raw
material. -




A second option for handling the wood’s
energy value would be to count wood in a
nonfuel category, especially in the USA.
This option would require the addition of a
separate category to record nonfuel inher-
ent energy, as discussed in item 4 below.

A third option that has been proposed for
considering the energy value of wood waste
is to assume that wood burned at a paper
mill to generate energy reduces the amount
of traditional fuels that are burned. For this
option, inherent energy credit would be
given to this process for reducing the
amount of traditional energy materials
required by burning the wood. Because this
option modifies the intent of a life-cycle
inventory to quantify actual consequences,
it is not recommended.

General 3. In a life-cycle inventory, energy
requirements of a system are not reduced or
credited for the use of “renewable” resources
instead of “nonrenewable” resources. For
example, a process may use wood energy
instead of coal energy. The issues or distinc-
tions between the levels of renewability are
difficult to define and even more difficult to
value in terms of energy. Furthermore, an
inventory analysis is designed to quantify
energy and raw materials requirements. The
impact analysis is the appropriate place to
characterize effects such as renewability.
General 4. To ensure that all sources of energy
are properly accounted for in the inventory
analysis, it may be necessary to create a
separate category of nonfusel inherent energy
that will permit closing the energy loop in a
thermodynamic sense without artificially
inflating the inherent energy values for fuels.
This separate category for nonfuel inherent
energy would not be reported in the summary
tables of energy, but would still permit
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reviewers to account for all energy inputs and
outputs. Examples of inherent energy materi-
als that typically are not considered to be
fuels include biomass waste materials such as
sugar cane bagasse, wood residues from
logging operations, and textile fibers.

Mining Operations 1. Overburden, the material
overlying the ore or material being mined, is
not considered to be an environmental
emission (i.e., a solid waste) in mining opera-
tions. This is because the overburden is
returned to the same land rather than being
landfilled after the mining operations are
completed. However, land use changes occur
with this operation and may be quantified in
the inventory. Habitat effects associated with
mining may occur, but these are treated in the
impact analysis, not in the inventory analy-
sis. However, other quantifiable emissions
such as particulates released mtotheau-am
included in the inventory.

Petroleum and Natural Gas Acguisition 1. Brine
water is a coproduct of the production of
crude oil. A portion of the brine water is
reinjected into separate wells designed to
receive it. The waterborne wastes contained
in the part of the oil or gas well brine water
that is reinjected are not included in the
inventory because the wastes are essentially
being returned to the same location. In an
inventory, it is assumed that groundwater
flow and quality are not affected. This
assumption may be examined in an impact
analysis. Waterborne wastes discharged into
the ocean or another body of water are
included.

Petroleum and Natural Gas Acguisition 2.
Natural gas is often produced in combination
with crude oil. Therefore, environmental
emissions from drilling operations are allo-
cated between crude oil and natural gas




production. This allocation is made based on
historical production data. For example, a
drilling operation may produce 50% crude
oil and 50% natural gas by weight. Thus, the
data for the process will be split between
them, using one of the coproduct allocation
techniques discussed in Chapters Three and
Four.

Lumbering Operations 1. Wood residue left in
forests after tree harvesting is not considered
to be a solid waste because it is not landfilled.
In most logging operations, the residue is left
to decompose where the lumber was har-
vested. However, .0 some operations the
harvested land may be burned off, which
generates atmospheric emissions that must be
quantified. Any assumptions made as to
waste practices in the harvest of wood must
be thoroughly documented. Other outputs
from lumbering operations that are quantifi-
able, such as land use changes, may be
included.
Agricultural Raw Materials and Ani- -2
Products 1. Harvesting of agricult.. .| products
ooften involves significant manuai .oor. This
is especially true in developing c: .. tries.
Energy requirements and environmental
emissions related to sustaining human life
(e.g., producing food, clothing, or shelter)
typically are not included in the life-cycle
inventory.
Agricultural Raw Materizls and Animal
Products 2. In a life-cycle inventory analyzing
the use of an animal product, the feed to
produce the animal product usually is con-
sidered ‘o be the main raw material for the
system rexample, the analysis of tallow
for bar soap may have corn as a raw material
for the system. Com is fed to the cattle that
produce the tallow. Acquiring the raw mate-
rial (corn) in this system requires energy for
planting, harvesting, and transporting the
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corn. Emissions from pesticides and herbi-
cides are associated with producing corn as a
raw material. Therefore, the raw material
acquisition steps for those chemicals should
be included in the system.

Calaiating Resource Requirements and Emis- .
sions for Raw Materlal Acquisition. Using the
bar soap example (Figure 9), the raw material
for sodium hydroxide is salt. The energy
requirements and environmental emissions
associated with tt s mining of salt and its
transport to a cai.-uc production facility are
the en-rgy and emissions of raw materials
acquis..:.on. Assume that the hypothetical
data below represent the energy and emis-

sions for mining 1,000 pounds of salt.
Procass Energy -
Electricity 50 kilowatt-hours
Coal 50 pounds
Residual oil 50 gallons
Tranaportation Energy
-QOcean 50 ton-miles
Diesel 5 gallons
Atmospheric Emissions
{ uticulates 5 pou.us

Assume further that 5 pounds of salt must
be mined for every pound of sodium
hydroxide manufactured and used. To
determine the energy and emissions associ-
ated with raw materials acquisition for the
manufacture of 1,000 pounds of sodium
hydroxide, the above data would be multi-
plied by five in the computer spreadsheet.

Energy Acquisition

The energy requirements and environmen-
tal emissions attributed to the acquisition,
transportation, and processing of fuels to a
usable form are labeled as precombustion
energy or emissions. Whenever a specific
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fuel is used in any of the processing or
transportation steps; the appropriate quanti-
ties of precombustion energy and emissions
are included in the total energy and emis-
sions attributed to the use of that fuel.
Therefore, when gasoline is used as a fuel,
the energy and emissions must account not
only for those from the combustion of the
gasoline, but also for those attributable to
the raw material extraction, refining, and
processing required to produce the gasoline
before it is burned. The assumptions listed
for the acquisition of raw materials also gen-
erally apply to the acquisition of energy raw
materials. The five basic energy sources
included in a life-cycle analysis are coal,
petroleum, natural gas, nuclear power, and
hydropower. In certain cases, wood may
also be included. Minor energy sources such
as biomass, solar, and geothermal energy are

generally ignored unless significant to a spe-
cific process.

Specific Steps for Cailculating Energy Acgquisition.
Residual oil is one fuel used in several of the

individual processes in the bar soap manufac-
turing system. Assume that every use of
residual oil has been accounted for in this
system and that the total used is 50 gallons.
Assume that the hypothetical data listed
below represent the total energy and emis-
sions for producing 1 gallon of residual oil,

including extracting crude oil, transporting it,
and processing it into residual oil.
. Process Energy

Electricity 10 kilowatt-hours

Coal " 10 pounds

Naturalgas 10 cubic feet
Transportation Energy

Pipeline 50 ton-miles

Natural gas 5 cubic feet

Atmospheric Emissions
Particulates  0.25 pound
Hydrocarbons 0.25 pound

0.25 pound

The hypothetical data above must be multi-
plied by 50 to calculate the precombustion
energy and emissions associated with the
50 gallons of residual oil used in the bar

soap system. These are the total energy
requirements and emissions associated with
the acquisition of 50 gallons of residual oil
to be used as process energy in the system.
A computer spreadsheet is used to make
similar calculations for every other fuel
used in the system.

Hectrical Energy Acquisition

The production of electrical energy is more
complex than simply refining a fuel. There-
fore, this section addresses electrical energy
acquisition separately. Utility power plants
generate electricity from five basic energy
sources: coal, petroleum, natural gas,
nuclear power, and hydropower. A small
percentage of electricity is also generated by
unconventional sources such as biomass,
solid waste, solar, and geothermal energy.
The acquisition of electrical energy includes
extracting the basic energy sources from the
earth, processing these energy sources into
usable fuels, and converting the fuels into
electrical energy. As noted previously, the
manufacturing processes for the production
of any given product are sufficiently scat-
tered throughout the country that the
national average fuel mix for the electric
utilities is representative when used for all
of the manufacturing steps in an analysis.
An exception to this assumption is the elec-
troprocess industries, with aluminum




smelting as the primary example. These
industries locate in dreas of inexpensive
electrical power because they require vast
amounts of electricity. The fuel mix for
regional utility grids may be used in these
specific situations. Historical data provide
the basis for determining the efficiency of
converting the different fuels to electricity.
Historical data are also available for deter-
mining the transmission line losses (i.e., dif-
ference between amounts of electricity
generated and sold) for delive. of electrical
energy to the consumer.

Specific Steps for Calculating Electrical Energy
Acquisition. Three steps are required to deter-
mine the total energy and emissions associ-
ated with the use of electrical pr-ver:
extraction of fuel sources, proce  ag of fuels,
and converting the fuels to electnical energy.
Before any of these steps may begin, the fuel
mix for the electricity being used should be
calculated. As expressed above, the national
average fuel mix for the electric utilities is
usually adequate for most industries. Where
or when possible, electricity for a specific
industry should be traced back to its specific
fuel source to develop a more accurate profile
for each proce- “or example, assure that the
utilitiesareu  30% coal and 50" -esidual
oil. Thus, the energy and emissions associ-
ated with coal mining and crude oil extrac-
tion, as well as transport of these materials,
must be quantified. Any processing necessary
to make these fuels usable must be incorpo-
rated into the analysis. After processing, the
. fusls are burned to produce steam for generat-
ing electrical energy. Both the emissions from
the combustion of the fuels and the efficiency
of the boiler system. must be included in the
analysis. Finally, the transmission line losses
(the difference between the electricity gener-
ated and the electricity delivered) must be

lssues Applicable To Specific Life- ‘e Stages
accounted for. All of these processc. .ll into
the raw materials acquisition phase of the life-
cycle inventory.

MANUFACTURING STAGE

The second stage of a product’s life cycle is
manufacturing. Manufacturing results in the
transformation of raw materials into prod-
ucts delivered to end users. The manur-
turing stage is further divided into thre-
steps: materials manufacture, product - _ori-
cation, and filling/packaging/distribution.
Each of these is discussed in the following
sections. :

Major Concepts—Materials
Manufacture

o Materials manufacture converts raw materi-
als into the intermediate products from
which the finished product will be
fabricated.

o Material scrap from a subsystem can be
reused intemnally, sold as industrial scrap, or
disposed of as solid waste. The inventory
aacount for each option is handled
differently. ‘

o No credits or debits are applied to the sub-
system for intemnally recycled material
because no material crosses a subsystem
boundary.

o (ndustrial scrap as a coproduct carries with it
the energy and wastes to producz it. This
ensures consistency with operaticns that use
the saap in house.
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Materials Manufacture Step

The first step in manufacturing is the manu-
facture of materials. This step includes all

* manufacturing processes required to process
raw materials into the intermediate materi-
als from which the finished product will be
fabricated. In an inventory examining bar
soap, this step would include all operations
required to produce tallow and sodium
hydroxide from which bar soap is made.
Similarly for paper packaging, this step
would include all operations required to
transform wood into paper.

Subsystem Boundaries

The boundaries for material manufacture sub-
systems encompass the actual process(es) of
manufacturing an intermediate material,
either from raw materials or from other inter-
mediate materials. This step includes any
energy, material, and water input and the
environmental releases. Transport of the inter-
mediate material produced to the site of the
next manufacturing process or to the point of
product fabrication is also included in the

" boundaries of a material manufacturing sub-
system. Depending on the locations of facili-
ties where material manufacture occurs,
nontraditional inventory outputs such as land
use and odors may be relevant. Any number
of material manufacture subsystems may be
required to convert a raw material into the
intermediate material required to fabricate a
product. For exampls, to convert crude oil
into a polyethylene milk bottle, three subsys-
tems are required: crude oil refining, ethylene
production, and polyethylene production.
Each subsystem has its own boundaries as
described above to facilitate data gathering
and to eliminate double-counting or omis-
sions. The boundaries of the material manu-

facture step are illustrated for bar soap by the
shading in Figure 10. Each of the material
manufacturing operations can be viewed as a
subsystem within the product system. Data for
each manufacturing operation or subsystem
are gathered separately. Thus, the material
manufacturing step is not necessarily linear,
but may be a complex arrangement of pro-
psses and multiple raw materials.

For each subsystem, the materials and energy
inputs for processing are analyzed. The air
and water emissions and the solid wastes
resulting from each subsystem are also
reported. In other words, a material and
energy balance must be performed on each
operation within the system. Energy and envi-
ronmental wastes resulting from the transpor-
tation required from one process operation to
another, or to the point of product fabrication,
are also included.

Specific Assumptions and Conventions

The following assumptions and conventions
generally apply to this step:

Coproduct Alloaation. Manufacturing pro-
cesses, particularly chemical processes, often
produce more than one product. In most
cases, only one of those products is used in
the system being evaluated. Thus, some
allocation of material and energy inputs and
waste and emission outputs is necessary for
marketed output materials. Chapter Four
presents several methods for allocating
requirements and emissions to various

coproducts.
Mh-p.mnymanufutunngpm-
oﬂennusedthhmthaamemanufactunng

process, reducing the new material input into
the system. In such a case, the system is
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Figure 10
Materials manufacture converts raw materials into a form usable in a finished product
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considered to have a continual inner loop of
material exiting the system and re-entering the
system as an input material. No credits or
debits are applied to the processes because the
material does not cross subsystem boundaries.
For example, when the trim from foam poly-
styrene extrusion and thermoforming is
collected, reground, and used as an input into
the subsystem, the amount of raw or interme-
diate material input from outside the process
is reduced. Energy and emissions are calcu-
lated based only on the raw or intermediate
material input from outside the subsystem.

Material scrap from one manufacturing pro-
cess also is frequently marketed as a mate-
rial input in another process. This marketed
scrap is commonly referred to as industrial
scrap. For example, trim scrap from flexible
polyurethane foam often is sold for use as
carpet backing. Also, vegetable hulls and
peels from food processing operations often
are used as raw materials for animal feed.
Industrial scrap is viewed as a coproduct
from the manufacturing process and carries
with it the energy requirements and envi-
ronmental wastes required to produce that
material. Therefore, when the coproduct
allocation is applied to the process generat-
ing the scrap, the coproduct has the same
energy and emissions per pound of output
as the operation that uses the scrap in
house. Some scrap generated from manufac-
turing processes is discarded to the munici-
pal solid waste stream along with other
wastes from the manufacturing facility. In
this case, the scrap is reported as solid
waste from the manufacturing process and
no allocation is applied.

Product Fabrication Step

The second step in manufacturing is the fab-
rication of the product. For the manufacture
of bar soap, this step is represented by the
subsystem that includes the production of
fatty acids from tallow, vacuum distillation,
manufacture of neat soap and, finally, the
cutting and drying of the bar soap.
Subsystem Boundaries

The product fabrication step usually has a
more narrow focus than the materials manu-
facture step and may sometimes include
only one manufacturing operation. If more
than one fabrication operation is necessary,
data may be gathered individually or
collectively depending on availability. A
product fabrication subsystem will include
any energy, material, and water input and
the environmental releases. Transport of the
product to the point of filling, packaging,
and/or distribution is also included. Trans-
portation may occur within the facility or
between facilities. The boundaries of the
product fabrication step of the life-cycle
inventory for bar soap are highlighted in
Figure 11. A number of individual processes

:
Major Concepts—Product
Fabrication

o Product fabrication corverts intermediate
materials into products ready for their
intended use by consumers. '

o Fadiities for which data are reported on a
plant-wide basis will require allocation of
the inputs and outputs to the product of
interest.
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Product fabrication converts intermediate materials into a finished product
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are involved, as illustrated by the expanded
view in Figure 11. Depending on data avail-
ability, the operations can be viewed sepa-
rately or as comprising a single subsystem.
For example, a soap manufacturing plant
may account for energy consumption and
emissions with plant-wide data rather than
process-specific data. In this situation, it

. would be best to analyze the overall plant
operations and then allocate the inputs and
outputs. Another soap manufacturing plant
may collect and report energy consumption
and emissions on each separate process. In
this case, each process should be analyzed
for its contribution to the entire system or
subsystem under examination.

Specific Assumptions and Conventions

The following specific assumptions and
conventions generally apply to the product
fabrication step:

Coproduct Allocation. Manufacturing processes
often produce more than one product. In most
cases, only one of those products is evaluated
at a time. Thus, some allocation of material
and energy inputs and waste and emission
outputs is necessary for all marketed output
materials. Chapter Four presents several
methods for allocating requirements and
emissions to various coproducts.

industrial Scrap. As in the materials manufac-
ture step, scrap material is generated by many
product fabrication processes, and the same
principles of resource and emissions alloca-
tions apply. This marketed scrap is commonly
referred to as industrial scrap. For example,
trim scrap from the production of computers
is sold for use in building products.

Filling/Packaging/Distribution Step

The third and final step in the manufactur-
ing stage is filling, packaging, and distribu-
tion. This step includes all manufacturing
processes and transportation required
between product fabrication and delivery of
the product to the consumer. Thus, in an
inventory that examines bar soap, this step
would include all operations required to
package the soap in paper wrappers, place
the packaged soap into corrugated boxes,
and transport the boxes to the retailer and
then to the consumer.

Subsystem Boundaries
The subsystem boundaries of the filling,

packaging, and distribution step begin with
the filling and packaging operations once

Major Concepts—Filling/
Packaging/Distribution

¢ Filing and packaging products ensure
that the products remain intact until
they are ready for use, whereas distribu-
tion transfers the products from the
manufacturer to the consumer.

e [n addition to primary packaging, some
products require secondary and tertiary
packaging, all of which should be
accounted for in a life-cyde inventory.

o Any spedial draumstances in transporta-
tion, such as refrigeration used to keep
a product fresh, should be considered
in the inventory.
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the materials have reached the facilities
where these operations occur. This step also
includes distribution to the consumer. Some
Jlife-cycle inventories evaluate a package
rather than the substance that is put into the
package. Therefore, the analysis may not
include the contents of the packages. The
boundaries of this step of the life-cycle

* invéntory for bar soap are shaded in Fig-
ure 12. in'this illustratioifthe cofisumer
product, Soap, is the fociis of thé"inventory.
For each activity or subsystem inthis step,
th-: materials and energy inputs are
required. Atmosg 2eric and water em..sions
and the solid wastes resulting from each
.operation also should be reported. Energy
and envirormental wastes resulting from
transport of the consumer product from the
manufact. - and distributor to the retail
outlet als: - .5 included in this step.

Specific A« ptions and Convontions

The assur;:iions and conventions dis-
cussed below are commonly used for this
step of the life-cycle inventory.

Filling. Often the purpose of a life-cycle inven-
tory is to quantify relative differences between
the products, processes, or materials being
compared. Thus, in filling, certain identical
factors between systems often can be ignored
because they affect each system in the same
way. Two examples of identical factors could
be the actual contents of the packages and the
filling operation. An example of identical
effects from the actual contents of packages
would be found in an analysis comparing
packages for delive: f 1,000 vitamin tablets.
The energy requirements and emissions of the
vitamin tablets themselves will always be the
same, whereas the energy requirements and
emissions of the various package systems

being compared may not be the same. Thus
the analyst could ignore the tablets and
concentrate on the packaging. The energy and
emissions associated with filling a product
bottle or package can be ignored when the
products being compared use the same filling
procedures and equipment. For example, a
comparison between aluminum soft drink
cans and steel soft drink cans will probably
have identical filling requirements. However,
a comparison between 2-liter plastic soft drink
bottles and 12-ounce aluminum cans will
have different filling requirements that should
be investigated separately in the analysis.

Packaging. Oncs the bottle or primary package
is filled, seconZary packaging is applied to
ensure the interity of the product during
shipment. The amounts and types of second-
ary packaging vary with the type of product
being shipped. Two-liter plastic soft drink
bottles and aluminum cans require different
secondary packaging. Bars of soap and liquid
soap also re:;uire different secondary packag-
ing. When difierent, the specific amounts and
types of secondary packaging should be
quantified. )
Distribution. Distribution involves transporting
the packaged product to warehouses, retail
establishmeniis, and consumers. An average
distance for product transport must be devel-
oped. The normal mode or modes of transpor-
tation, e.g., truck, rail, or barge, must be
established. Special care should be taken to
include the analysis of any unusual situations.
For example, a study comparing the delivery
of frozen concentrated juice to the delivery of
ready-made juice would include the enervy
and emissions associa*~4 with the refrig- -
tion of the frozen pro.. t during deliv-
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USE/REUSEMAINTENANCE STAGE
The third stage of a-product’s life cycle is
the use/reuse/maintenance {UYfR/M) stage.
This stage consists of a discrete set of activi-
ties that begins after distribution of finished
products or materials to the consumer and
ends when these products or materials are
either recycled or discarded into a waste
management system.

o

Subsystem Boundaries :

The U/R/M stage begins when a finished
product arrives in the possdssion of a con-
sumer, including individual consumers,
commercial businesses, and institutions.
This stage of a life-cycle inventory for bar
soap is illustrated by the shading in Fig-
ure 13. Transport of the product to the con-
sumer is considered part of the filling/
packaging/distribution step, whether it
arrives by mail, by purchase from a service

—

Major Concepts—Use/Reuse/
T Maintenance me

o This stage indudes all of the activities
undertaken by the user of the product or
service as well as any maintenance that

may be performed by the user or obtained
elsewhere. '

¢ Household operations, such as refrigera-
tion, are rarely associated with a single
product. Either the aflocation of the capital
and operating energy and environmental
_releases to a particular item are too small
to affect the results or they can be propor-

tionately induded.
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outlet, or by transport from a retail store by
the consumer, and therefore is not part of
the U/R/M stage. The packaging that accom-
panies the product to the consumer is part
of the U/R/M stage, but the shipping boxes
used to transport a load of products to the
retail store are part of the previous filling/
packaging/distribution step. The G/R/M
stage ends when the consumer is done using
the material or product and delivers itto a
collection system for recycling or waste
management.

and Conventions ons

Household operations performed during the
U/R/M stage are rarely allocated to an indi-
vidual product. For example, a household
rarely operates a refrigerator to cool only
one product; household refrigerators usually
contain a variety of products. Aniother
example is the variety of clothes that are
usually washed or dried in a single load.
The historical option for handling the
energy requirements and emissions from
refrigeration or other similar multiple-
product actions has been to omit them from
a life-cycle inventory. Sensitivity analysis
has shown that once the energy
requirements and environmental emissions
for these types of multiple-product actions
are spread over all products, the values per
product are minuscule and do not signifi-
cantly change the results. A second option
for handling multiple-product actions is to
proportionally allocate the energy require-
ments and environmental emissions based
on the weight percent, heat capacity, or
other justifiable property of each individual
product. For example, on an annual basis,
“x" loads of laundry are washed, of which
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Consumer use/reuse/maintenance is the third stage in a product’s life cyde
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“y” percent is cloth diapers. The washer-
operating emissions allocated to diapers are
“z”. Over the lifetime of the washer, manu-
facturing and other emissions are an insigni-
ficant percentage of the diaper system life
cycle.

The decision to use proportional allocation
for consumer products needs to be carefully
considered because it can have a significant
effect on results. The decisic  ‘nerally
relates to the basic purpose 3 inventory.
In many cases, the purpose of an inventory
i< to determine the incremental effects of

»stituting one product for another. For
vxample, if two different bar soap formula-
tions are being compared by a manufacturer,
the trip by the consumer in a car to a store
to purchase the soap as well as other house-
hold goods at the same time would not be
included because the effects are identical
for either bar soap formulation. If one form-
ulation were to replace the other in the mar-
ketplace, no incremental changes in
resource depletion or environmental emis-
sions would result.

If, however, the purpose of the inventory
were to learn in an absolute sense where
resources are used and emissions : - gener-
ated, the car trip would be include secause
car trips contribute to global resource deple-
tion and environmental emissions. It is
necessary to determine the purpose of the
trip because, if the trip is only to purchase
one product, the entire trip must be charged
to that product. If the trip has multiple uses,
proportional allocation would be used.

If the purpose of the inventory wer - -0 dis-
cover incremental changes by comparing
two or more systems, identical consumer
actions would be excluded. In absolute
studies that include all impacts, consumer

-

activities must be inventoried unless found
to be insignificant.

Reuse of a product or package is also
included in this stage. A product or package
may be reused once or many times. Energy
or emissions from activitias, such as clean-
ing, needed to ready the item for reuse
should be included in the inventory. If they
occur at the point of use, they should be
kept in the data for this stage. Sometimes
they occur twice, as when a recycled glass
container is cleaned by both the user before
recycle and by the manufacturer. Some
examples of reuse would be refillable glass
soft drink bottles and reusable shipping
crates. Cleaning or refurbishment energy
and emissions should be included with the
manufacturing stage data if these operations
are not performed by the user.

RECYCLEAWASTE MANAGEMENT
STAGE
The fourth and final life-cycle stage is
recycle/waste management. Normally, after
a product and its packaging nave been used
by a consumer and the product has fulfilled
its intended purpose, it is either recycled,
composted, or discarded as waste. Recycling
begins when a discarded product or package
is delivered to a collection system for
recycling. Composting is the controlled, bio-
logical decomposition of organic materials
into a relatively stable, humus-like material.
The waste from the U/R/M life-cCycle stage is
commonly referred to as postconsumer
waste. Waste management refers to the fate
of both industrial and postconsumer solid
waste that is discarded and picked up, and
includes incineration and landfilling. This
stage also includes postconsumer wastewa-
“"tér treatment.
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Subsystem Boundaries

The subsystem boundaries for recycle/waste
management encompass recycling, compost-
ing, and the two waste management options
of incineration or landfilling for solid waste
and wastewater treatment. A variety of steps
or subsystems may be included in this stage.
A subsystem in this life-cycle stage will
include any energy, material, and water
inputs and the environmental releases.
Transportation from one subsystem to a sub-
sequent one would be included.

The recycle/waste management stage of a
life-cycle inventory for bar soap is illus-
trated by shading in Figure 14. This stage
begins with the final disposition of the
product and its related packaging. The con-
sumption or use of the product may or may
not alter the product itself. The use of soap,
for example, reduces the size of the product
and thus alters the primary product. The
use of disposable diapers also alters the

Major Concepts—Recyde/Waste
. Management

¢ Recyde/waste management is the last
stage in a product’s life cyde.

* n open-loop recyding, products are
recyded into new products that are even-
tuaily disposed of.

¢ In dosed-loop recyding, products are
recycled again and again into the same
product.

o Formulas can be used to determine the
credits that should be assigned to recyded
products analyzed in a life-cyde inventory.

product. Discarded diapers contain added
weight and material from human wastes and
moisture. Some products are not altered by
use. For example, the configuration of a
glass beverage container is not changed
when the container has fulfilled its purpose
of holding a liquid.

The collection and transportation of dis-
carded materials for the various recycling/
waste management options should be
included in the life-cycle inventory of a
product, although typically these steps are
minor components. The alternatives most
often used in the disposition of discarded
products are, in order of EPA preference,
reuss, recycling, composting, and incinera-
tion/landfilling. The life-cycle inventory
should include data for the processing of
materials in the recycling and composting
processes, i.e., both the energy requirements
for these processes and the wastes emitted
from them. Incineration converts organic
products to carbon dioxide, water, and resi-
duals, but depending on the nature of the
product and incinerator control devices,
incineration may release atmospheric emis-
sions and/or leave solid and liquid wastes
in the forms of ash or scrubber blowdown.
The landfilling option ends with the burial
of products and requires the quantification
of the solid waste buried. Atmospheric and
waterborne emissions are also associated
with landfilling. Allocation options for
these are discussed below.

s.po“dﬂcnmﬂom

This section discusses the basic assump-
tions and common conventions generally
used when performing a life-cycle inventory
for the recycle/waste management stage.
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Recyding

Recycling decreases the amount of solid
waste entering landfills and reduces the
production requirements of virgin or raw
materials. Therefore, life-cycle inventory
techniques adjust all resource requirements
and emissions for products that are recycled
or contain recycled content. Two recycling
systems could be considered in the life-
cycle inventory. These are the closed-loop
and open-loop systems.

Closed-Loop Recyding. Closed-loop recycling
occurs when a product is recycled into a
product that can be recycled over and over
again, theoretically endlessly (part a of Fig-
ure 15). Aluminum cans are a good example
of closed-loop recycling, because they are
recycled over and over again into aluminum
cans.

Consider an example where virgin materials
produced in operation 1 of Figure 15a are
augmented with a portion of recycled mate-
rials to yield a total mass flow, m, into the
production and use stages. If a fraction, F, is

recycled through recycling process 4, then
(1-F)m is collected from postconsumer use

Examples of Processes in
Postconsumer Recyding
Plastic milk jugs
e Grinding
* Washing
owm
Paper products
* Repulping and

deinking/bleaching

for disposal. A fraction, f, of the material
collected for recycling may be rejected,
either due to technical reasons (i.e., contam-
ination), or for economic reasons (i.e., low
demand creating low recycled material
prices), and sent to disposal. Thus, the total
disposal mass amounts to (1-F(1-f))m. Sub-
tracting the recycling rejects from the recy-
cling input leaves the amount F(1-f)m,
which is recycled back to the input to aug-
ment the new raw material.

If no recycling takes place, then both the raw
materials input mass and the waste disposal
mass are equal to the value m. It can be seen
that as the recycled fraction, F, increases
toward unity, the need for virgin raw materi-
als and the solid waste generation rate
asymptotically approach the recycling reject
rate of fm at 100% recycling. Ultimately, raw
material resource use and solid waste dispo-
sal reach zero as the efficiency of the recy-
cling process approaches 100%. Thus, for
closed-loop recycling, allocation of inputs
and outputs is straightforward once the recy-
cling rate and the recycling process reject
rate are known.

Open-Loop Recycling. In the basic open-loop
recycling system, a product made from virgin
material is recycled into another product that
is not recycled, but disposed of, possibly after
a long-term diversion. An example of open-
loop recycling would be a plastic milk bottle
being recycled into plastic lumber or flower
pots, which currently are not recycled. In
open-loop recycling, energy and environmen-
tal emissions related to the production, recy-
cling, and final disposition of the plastic resin
itself are divided between the two products by
one of several possible methods. In this way,
each of the two products made from the same
resin shares in the energy, landfill, and air and
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(a) Closed-Loop Recycling

‘ (1-F(1-H)m
Virgin
(1) Materials
. * m F(i-im
Production Recycling ]
(2) and Use ® Process
m K
| 4 (1-F)m Fm
Collection
(3)for Disposal fFm
l (1-F(1-N)m
)

l. m, (b) Open-Loop Recycling ‘ my-tm,

Virgin Materials| - Virgin Materials
(1)for Product 1 leorm 2
fm, my—im,
m, me
Production : Production
Recycling and Uss of
l(z)mf (7) Process (S) Product2
m, )
(1-fHm, fm, m
Disposal of Disposal of
3 Product 1 (6) Product 2

Product 2 contans recycied
but 13 not further recycied.
See text for further expianation.
Figure 15
Recydiing flow diagrams




water emissions savings achieved through
recycling. This basic open-loop system is
illustrated in part (b) of Figure 185.

Analysis of an open-loop system is only
slightly more complicated from a mathema-
tical perspective than that for a closed-loop
system, In the simplest open-loop system,
Product 1’s production sequence produces
an output from operation (2) that is diverted
from waste disposal by some fraction f.
Thus, the mass flow to the recycling opera-
tion is fm,. Again, although not shown, a
fraction can be diverted from collection to
disposal to account for poor quality or eco-
nomics just as in the closed-loop case. Prod-
uct 2 has its virgin raw materials input
reduced from m, to m,~fm,. After use, Prod-
uct 2 is disposed of, with no further
recycling, at mass rate m,. As the recycling

lssues Applicable Yo Specific Life-Cycle Stages

products based on the percentage of the two
products produced; (2) the disposal credits
can be allocated to the product being recy-
cled; and (3) the impacts added to the sys-
tem because of recycling can be equally
divided. No matter which allocation method
is used, it is important for the analyst to
state clearly the method being used, to
explain why it was chosen, and to use it
consistently. For each of these allocation
methods, the net inputs and outputs (N,,)
can be described generically by the follow-
ing formula:

Nyo =D+ E-B(a)- A(b) + C(a) + F
where:
A= all inputs and outputs associated with

production of the virgin material from
raw material to primary material pro-

rate of Product 1 approaches 100%, the duction for Product 2 (the product
sol(ildthwaste generaﬁt:;n_tends topw:: r: that uses the recycled material).
::pro:cl:: : it:l . fnput o uct B= all inputs and outputs associated with

3 disposal of Product 1 (the product that
Correct allocation of the inputs and outputs is recycled), including transportation,
requires analyzing the systems for both solid waste, incineration emissions,
Pmductlandl’roductzmhat.'l'hisis and all other system impacts associ-
the preferred option for practitioners to pur- ated with waste disposal.
sue. However, in situations where this . .
option is not feasible, there are several pos-  C= &ll inputs a:gl::tputs "”f‘:::d with
sible methods for allocating all energy and recycling of Product 1, incucing
water requirements and environmental transportation (to a drop-off site, a
releases attributable to the products (except matemlsmm mmv::ygamem. ol::f:to
those for fabrication, packaging, and distri- ’ .
bution). Three possible methods for allocat- a primary material (to clean, shred, or
ing impacts between the two products are ro'pulp)i water; and.wastes associated

" i below. with this reprocessing.
. . = i iated with
Because all of the following three allocation D= all inputs and outputs associat
methods for open-loop recycling are arbi- a no-recycling system for Product 1.
trary, they are listed in decreasing order of E= all inputs and outputs associated with
complexity to analyze: (1) the system a virgin system for Product 2.
impacts can be allocated between the two :
U.0. A rigaaguaners Lorary
Maif codz 3201
1200 Penncyivania Avenue MW L

Washin-+nn .G 27520
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F = any converting inputs and outputs
incurred as a result of Product 2 using
recycled materials instead of virgin
materials.

‘a= the recycling rate of Product 1.

b= the recycled content level of
Product 2.

The inputs and outputs represented by D, E,
B. A, C, and F in this equation are specific
quantities associated with a given mass of
either Product 1 or Product 2. For exa. _le,
if 200 pounds of Product 1 and 100 po.nds
of Product 2 are the result of the system,
then D, B, and C quantities are for 200
pounds of Product 1 and E, C, and F quanti-
ties are for 100 pounds of Product 2. Inputs
and outputs represented by N, are for the
entire system or 300 pounds of products.

First Allocation Method. In the first allocation
method, the system loadings can be allo-
cated between the two products based on
the number of units of each product needed
to produce a combined total of 100 units of
both products. This allocation method
requires that both product systems be ana-
lyzed to determine the percent of Product 1
that is recycled and the recycled content
level (from Product 1) in Product 2. The net
inputs and outputs can be calculated by the
following formulas for each product:

N,, (Product 1) = D - P, [B(a) + A(b) - C(a) - F]
N, (Product 2) = E - P, (B(a) + Ab) - Cla) - F]
where:

P, = the percent of Product 1 out of 100
total units for both products.

P, = the percent >f Product 2 out of 100
total units for both products.

AY

The limitations of this method are that
Product 2 may not be fully credited for recy-
cle content. For example, in a system where
Product 1 is being recycled at 50% into
Product 2, which has 100% postconsumer
recycle content from Product 1, Product 1
will be credited with higher “savings” from
recycling than will Product 2 because Prod-
uct 1 makes up a larger percentage of the
system. Although Product 2 is made from
100% recycled material, it is penalized
because Product 1 is being recycled at only
50%.

Second Allocation Method. In the second
allocation method, the disposal credits are
allocated to the product that gets recycled
(Product 1). Product 2 treats Product 1 asa
raw material that needs to be processed;
thus, the recycling inputs and outputs are
all allocated to Product 1. By treating ®-od-
uct 1 as a raw material, Product 2 ha
avoided virgin material production. i ae net
inputs and outputs for this allocation
method can be calculated by the following
formulas for each product:

N, (Product 1) = D - B(a)

Ny, (Product 2) = E - A(b) + Cla) + F
This method has the following limitations:
Product 2 is penalized with all of the solid
waste from the system, when actually the
production of Product 2 using recycled
material has decreased the system’s total
solid waste by the quantity of material being
mcycled Product 1 receives no credit for
virgin materials savings even though the
availability of Product 1 for recycling
reduces virgin material manufacture for
making Product 2. However, this allocation
method is very useful when primary materi-
als and their productions are different or for
composted materials.
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Third Allocation Method. In the third alloca-
tion method, the loadings added to the sys-
tem because of recycling are divided equally
between the two products. The loadings
associated with recycling are reduced dispo-
sal of Product 1, reduced virgin material
product for Product 2, inputs and outputs
associated with recycling, and any convert-
ing net inputs and outputs incurred as a
result of using recycled materials over vir-
gin materials in Product 2. The net inputs
and outputs for this 50/50 allocation
method can be calculated by the following
formulas for each product:

N, (Product 1) = D = 1/2(B(a) + A(b) - Cla) - F]
N, (Product 2) = E - 1/2(B(a) + A(b) - ({a) - F]

This allocation method has the following
advantages: It eliminates the possibility of
double-allocating recycling impacts, mini-
mizes arguments over which product
should receive the recycling impacts, and
enables independent evaluation of a
product. The limitation of the 50/50 alloca-
tion method is that it does not give credit to
the party (e.g., manufacturer, recycler,
municipality) that made the effort to imple-
ment the recycling change.

For all three methods typically, the impacts
of virgin material on both products must be
assumed to be the same, because a manufac-
turer may have information on only the vir-
gin material for the product made in house.
The assumption of virgin material similarity
between the two products may be true for
some cases of recycling, such as recycling
milk bottles into detergent bottles, but may
not be true for other recycling situations,
such as recycling of some paper products.

Composting

Composting is an alternative to disposal by
which organic materials are removed from
the solid waste stream destined for the land-
fill. Composting is the controlled, biologi-

_ cal decomposition of organic materials into

a relatively stable humus-like product,
which can be handled, stored, and/or
applied to the land without adversely affect-
ing the environment (BioCyrle, 1991). The
compost produced from the process has
only modest nutrient value, but is consid-
ered an excellent soil amendment. Com-
posted materials can replace peatmoss,
reduce the use of topsoil, agrichemicals,
water, and sometimes fertilizer, be used as
animal bedding, replace landfill cover mate-
rial, etc. Thus, composting can be viewed as
a form of open-loop recycling. The process
decreases the volume of discarded material
occupying landfills; thus, when composting
is considered in a life-cycle inventory, the
solid waste for a given material is reduced.
Composted products may contain noncom-
postable materials; thus, noncompostable
solid waste resulting from the composting of
a product is attributed to that product in a
life-cycle inventory. For example, foil
found in some paperboard containers is not
compostable. 1t is, therefore, part of the
solid waste screened out of the composted
product and would be attributed to the solid
waste component of the paperboard
containers.

Emissions from Solid Waste Management
Options

The incineration and/or landfilling of mixed
municipal solid waste (MSW) creates prob-
lems in determining the atmospheric or
waterborne emissions from such processes
for particular products. For example, how
does one quantify the contribution a milk
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bottle would make to the leachate collected
from a landfill compared to the contribution
of a newspaper? Or the amount of incinera-
tor emissions resulting from the combustion
of a plastic film compared to the combus-
tion of a paperboard box? Little research on
specific products or even specific materials
has been done. The primary historical
option has been to omit repecrting the emis-
sions from solid waste nanagement pro-
cesses, due to the difficulty in accurately
reporting the emissions from the combus-
tion of MSW or from leachate and air emis-
sions from mixed solid waste in a landfill.

Whenever a product disposition ~otion spe-
cific to a particular product is used, emis-
sions from the disposition process are
quantifiable for that product and can be
reported. However, currently no accurate
method exists to allocate incinerator or
landfill emissions to a particular product
once it has been combined with other mixed
solid waste. For example, composting pro-
grams for yard waste only and diapers only
are able to collect and report emissions for
the composting of those particular materi-
als. Recycling processes also are nearly
always specific to a particular material. Alu-
minum, paper, plastics, and glass require
separate processes to convert discarded
products into usable materials.

Nevertheless, an attempt should be made to
account for MSW emissions in a life-cycle
inventory whenever possible. Several poten-
tial approaches exist for estimating these
emissions, but additional research is needed
to establish the accuracy and utility of these
methods. For almost any of these
approaches, it is important to know the per-
cent of a particular waste that is recycled,
incinerated, or landfilled. These waste dis-
posal percentages are available on a national

basis for typical MSW, but they may not be
relevant for specific products. For example,
some products have a high recycling rate
although the generic materials may not, and
other products are not recycled at all
although the general material type may be.
Also, emissions data from a typical MSW
incinerator or landfill are available, but the
materials in the mixed waste causing these
emissions are not specified. One option for
using both the waste disposal percentages
and the typical emissions from MSW incin-
erators or landfills is to proportionally allo-
cate the emissions based on a broad input
material composition. The range of selected
landfill leachate descriptors has been
reported in Chian et al. (1986). Landfill
emissions associated with a few specific
types of materials alsc are available, e.g.,
dry cell batteries (Jon<s et al., 1977) and
plastics (Wilson et al., 1982).

Lacking even this information, emissions
from a “typical” facility could be allocated
based 6h 11 weight percentage of MSW that
the ptb‘aﬁ?'eomprises. Similarly, incinera-
tor emissions associated with a few specific
materials are available, e.g., polyvinylchlo-
ride (PVC) (Carroll, 1988). The major groups
of incinerator air emissions listed by SETAC
(Fava et al., 1991) include CO, and H,0, cri-
teria pollutants (NO,, SO,, particulates,
VOCs, lead, and CO), products of incom-
plete combustion (PICs) and particulate
organic chemicals (POCs), heavy metals,
dioxans and furans, and waste heat.

A second option is to make idealized esti-
mates of emissions associated with waste
management methods by simulation model-
ing. Although the modeling methods have
not been validated by trial burns for very
many materials, incinerator emissions may
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be estimated by equilibrium or stoichiome-
tric methods.

A third option for estimating emissions
associated with the incineration or landfill-
ing of a particular product is to analyze the
leachate or air emissions composition com-
ing from a mixed waste and assign emis-
sions to the product based on degradation
product fingerprinting. This option would
be highly resource intensive.

Energy from incineration

Many products release energy when burmed
in an incinerator. This energy can and has
been credited to a product, reducing the net
reported energy requirements for the life
cycle of the product. The energy credit tra-

ditionally is determined using the higher
heating value (HHV) of the material, taking
into account the moisture content of the
waste as disposed. The value of the recov-
ered energy for products manufactured from
fossil fuels, e.g., plastics, will not equal the
energy of the raw material resource attrib-
uted to the product, because the change in
chemical structure changes the recoverable
amount of energy.

In principle, it should be possible to employ
a second option if the actual delivered
energy is calculated by adjusting for moist-
ure as well as system thermal losses, e.g.,
heat transfer to walls and thermodynamic
conversion losses. '
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Accidental emission:

Atmospheric emissions:

Biomass:

Brines (oilfield):

Btu (British thermal unit):

GLOSSARY

An unintended environmental release. Examples: crude oil
spills resulting from tanker accidents, venting of reactors due
to mechanical failure or human error.

Residual discharges of emissions to the air (usually expressed
in pounds or kilograms per unit output) following emission
control devices. Includes point sources such as stacks and
vents as well as area sources such as storage piles.

The weight of living material, occasionally used as an energy
source. :

Wastewater produced along with crude oil and natural .gas
from oilfield operations.

The quantity of heat energy required to raise the temperature
of 1 pound of water (air-free) from 60° to 61° Fahrenheit at 3
constant pressure of 1 standard atmosphere. Experimentally
equal to 1,034.5 joules.

A useful product that is not the primary product being pro-
duced. In life-cycle analysis by-products are treated as
coproducts.

A recycling system in which a particular mass of material is
remanufactured into the same product (e.g., glass bottle into
glass bottle).

Data from multiple facilities performing the same operation
that have been combined or averaged in some manner.

A waste management option involving the controlled biologi-

" cal decomposition of organic materials into a relatively stable

humus-like product that can be handled, stored, and/or
applied to the land without adversely affecting the
environment.

The intended end use of a product. The use for which a
product was designed.
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Coproduct

Coproduct allocation:

Energy characterization:

Energy of material resource:

Energy profile:

Environmental loadings:
Environmental release:

Equivalent usage ratio:

Error analysis:
Finished product:

Fuel-related emissions:
Fuel-related wastes:

Fuel unit

Fugitive emissions:

A markstable by-product from a process. This includes mate-
rials that may be traditionally defined as wastes such as
industrial scrap that is subsequently used as a raw material
in a different manufacturing process.

Adjustment of material inputs, energy requirements, and
environmental emissions from a process to allocate those
impacts attributable to the output product being considered.

Classification of energy according to primary fuel source:
wood, natural gas, petroleum, coal, nuclear, hydropower.

The fuel value of the raw materials used to make a product.
The inherent energy in a product made from a raw material
used as a fuel supply. Also known as latent energy.

A listing of the energy usage for a system by stage and/or by
source. See also energy characterization.

The releases of pollutants to the environment.

Emissions or wastes discharged to the air, land, or water.
Contaminants that cross a system boundary into the
environment.

A method of comparing two or more different products on an
equivalent basis. For example, a comparison of beverage con-
tainers based upon the quantity of beverage delivered to the
consumer.

A systematic method for analyzing differences between a
measured or estimated quantity and the true value.

The product produced by the system being evaluated for con- ~
sumer purchase.

See fuel-related wastes.

Those materials or emissions generated during the combus-
tion of fuels for the production of heat, steam, electricity, or
energy to power processes and transportation equipment that
are not a component of the useable product or coproducts.

Weight or volume of fuel such as gallons of fuel oil, pounds
of coal, or cubic feet of natural gas.

Emissions from valves or leaks in process equipment or mate-
rial storage areas that are difficult to measure and do not flow
through pollution control devices.
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Gigajoules (G]):

Global warming:
Greenhouse effect:
Greenhe: s gag:

Higher heating value (HHV):
Impact analysis:

Improvement analysis:

Incineration credit

Industrial scrap:

Industrial solid waste:

Inherent energy:
Intermediate materials:
Inventory analysis:

Joule:
Leachate:

Life cycle:

1,000,000,000 or 10° joules.

The theory that elevated concentrations of certain atmo-
spheric constituents are causing an increase in the earth’s
average temperature.

The theory that certain atmospheric constituents trap heat in
the earth’s atmosphere leading to global warming.

An atmospheric constituent, such as carbon dioxide, that is
thought to contribute to giobal warming.

The gross heat of combustion for a material.

The assessment of the environmental consequences of energy
and natural resource consumption and waste releases associ-
ated with an actual or proposed action.

The component of a life-cycle assessment that is concerned
with the evaluation of opportunities to effect reductions in
environmental releases and resource use.

The energy credit given in a life-cycle inventory for the burn-
ing of material in a waste-to-energy incinerator.

The waste materials of value produced by a manufacturing
process. The material is often reused within the same pro-

cess. It may also be sold to ancther operation as a raw
material.

Industrial solid waste includes wastewater treatment sludges,
solids from air pollution control devices, trim or scrap mate-
rials that are not recycled, fuel combustion residues (such as
the ash generated by bumning wood or coal), and mineral
extraction residues.

See Energy of Material Resource.

The materials made from raw materials and from which fin-
ished products are made. '

See Life-cycle Inventory.
SI (metric) unit of energy, equal to 9.48x10* Btu.

The solution that is produced by the action of percolating
water through a permeable soli¢  : in a landfill.

The stages of a product, pracess, or package’s life, beginning
with raw materials acquisition, continuing through
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Life-cycle assessment:

Life-cycle inventory:

Life-cycle stages:

Mj] value:
Model (computational):

Municipal Solid
Waste (MSW):

National electricity grid:

Nonrenewable resource:

processing, materials manufacture, product fabrication, and

use, and concluding with any of a variety of waste manage-
ment options.

A concept and a methodology to evaluate the environmental
effects of a product or activity holistically, by analyzing the
entire life cycle of a particular product, process, cr activity.
The life-cycle assessment consists of three complementary
components—inventory, impact, and improvement—and an
integrative procedure known as scoping.

The identification and quantification of energy, resource us-
age, and environmental emissions for a particular product,
process, or activity.

The stages of any process, including raw materials and en-
ergy acquisition; manufacturing (including materials manu-
facture, product fabrication, and filling/packaging/
distribution steps); use/reuse/maintenance; and recycle/
waste management.

Megajoule, 1,000,000 joules, equal to 948 Btu. See Joule.

A computational framework, usually a computer spreadsheet
or other such tool, that incorporates the stand-alone data and
materials flows into the total results for the energy and
resource use and environmental releases from the overall

system.

MSW ingludes wastes such as durable goods, nondurable
goods, containers and packaging, food wastes, yard wastes,
and miscellaneous inorganic wastes from residential, com-
mercial, institutional, and industrial sources. MSW does not
include wastes from other sources, such as municipal

. sludges, combustion ash, and industrial nonhazardous pro-

cess wastes that might also be disposed of in municipal waste
landfills or incinerators.

The electricity generated by individual generators nationally
that are interconnected to form regional grids and also a
national grid.

A resource that cannot be replaced in the environment as fast
as it is being consumed.
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Open-loop recycling:

Overburden:
Packaging, primary:
Packaging, secondary:
Packaging, tertiary:

Postconsumer solid waste:

Precombustion energy:

Predominant industrial
practice:

Process-related wastes:

A recycling system in which a product made from one type
of material is recycled into a different type of product. The
product receiving recycled material itself may or may not be
recycled.

The material to be removed or displaced that is overlying the
ore or material being mined.

TZa level of packaging that is in contact with the product.
For certain beverages, this might be the 12-ounce aluminum
can.

The second level of packaging for a product that contains one
or more primary packages. For 12-ounce beverage cans, this
might be the plastic rings to hold the 6-pack together.

The third level of packaging for a product that contains one
or more secondary packages. For 6-packs of 12-ounce bever-
ages cans, this might be the corrugated trays and stretch wrap
over the pallet that are used in transporting the product.

A material that has served its intended use and has become a
part of the waste stream.

Energy required to extract, transport, and process the fuels
used for power generation. Includes adjustment for ineffi-
ciencies in power generation and for transmission losses.
Also known as energy of fuel acquisition.

A practice generally acknowledged to be widely used as a
significant percentage either of companies in the industry or
of the total material flow.

The operations that make up subsystems.

Waste materials generated or produced from the raw materi-’
als, reactions, processes, or related equipment inherent to the
process.

The energy required for each subsystem for process require-
ments. These are quantified in terms of fuel or power units
such as gallons of distillate oil, cubic feet of natural gas, or
kilowatt-hours (kWh) of electricity.

The waste materials generated or produced from the raw
materials, reactions, processes, or related equipment inherent
to the process.
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Random error:

Raw materials:

Recycled content

Regional electricity grid:

Regulated emissions:
Renewable resource:
REPA:

Representativeness:

Residual oil:

Residues:
Resource requirements:

Risk assessment:

Error that does not have any definite or systematic pattern or
bias.

The total inputs for a subsystem including all material pres-
ent in the product and material found in losses due to emis-
sions, scrap and off-spec products, and no-emission losses
(such as moisture due to evaporation). Water is not always a
raw material input because it is often removed during a dry-
ing step.

The amount of recovered material, either pre- or postcon-
sumer, in a finished product that was derived from materials
diverted from the waste management system. Usually
expressed as a percent by weight.

The mix of fuel sources used to generate electricity for a
given region. A regional electricity grid is occasionally used
in a life-cycle inventory when an energy-intensive industry is
sited in a certain region to take advantage of inexpensive
electric power.

Those emissions regulated by government to limit amounts
or concentrations of waste.

A resource that can be replaced in the environment faster
than it is being consumed.

Resource and Environmental Profile Analysis. Also com-
monly called cradle-to-grave analysis or life-cycle analysis.
The state of being a sample that is characteristic of a group or
population of operations or processes.

The heavier oils that remain after the distillate fuel oils and
lighter hydrocarbons are removed in refinery operations.
Included are No. 5 and No. 6 oils.

Process wastes (such as wood bark), typically but not always

solids.

The amounts of raw materials or natural inputs and energy
used in a system.

An evaluation of potential consequences to humans, wildlife,
or the environment caused by a process, product, or activity
and including both the likelihood and the effects of an event.




. Glossary

Routine emissions: _

Sensitivity analysis:

SI (Systdme Internationale):

Soil amendment:

Solid waste:

Specific data:

Stand-alone data:

Subprocess:
Subsystem:
System:

Systematic error:

Systems analysis:

Template:

Ton-mile:

Tliosereleasesthat normally occur from a process, as

opposed to accidental releases that proceed from abnormal
process conditions. ’

A systematic evaluation process for describing the effect of
variations of inputs to a system on the output.

Internationally used system of standards for units and
dimensions.

The product of composting of organic materials that is
applied to the soil as a conditioning agent.

Solid products or materials disposed of in landfills, inciner-
ated, or composted. Can be expressed in weight or volume
terms.

Data that are characteristic of a particular subsystem or
process.

Normalized data consistently defining the system by report-

- ing the same product cutput from each subsystem (e.g.. on

the basis of 1,000 pounds of output).
An individual step that is a part of a defined process.
An individual process thet is a part of the defined system.

A collection of operation: hat perform a desired function. In
a life-cycle inventory, the scope of the system is defined by
the boundary conditions.

Error that is not random. Variation caused, for example, by
differences in age of equipment, advances in technology, or
A stepwise evaluation of the inputs and outputs of a defined
system.

A guide used by analysts for collecting and organizing data.
The template describes a material and energy balance for a
defined system or subsystem. I includes resource require-
ments, transportation requirements, and emissions and
wastes for that system or subsystem.

A measure of the movement of 1 ton (2,000 pounds) of freight
for the distance of 1 mile. For example, 100 ton-miles is the
measure for moving 100 tons of freight 1 mile. It could also
represent moving 1 ton of freight 100 miles.
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Transmission line loss: The difference between electricity generated and electricity
delivered.

Transportation energy: Energy required to transport materials and products through-
out the process and to final distribution to the consumer.
This is converted from the conventional units of “ton-miles”
by each transport mode (e.g., truck, rail, barge, airfreight,
pipeline, etc.) using on the average efficiency of each mode.

Waterborne wastes: Discharges to water of regulated pollutants (usually
expressed in kilograms per unit output) after existing
treatment processes.




Clean Air Act (CAA)

The Clean Air Act (CAA) is a piece of
national legislation designed to identify and
control poi’ ‘tants and sources of emissions
that may r. ce the quality of the nation's
air. TheCA has been amend: twice
since its inception in an effort  adjust it to
our changing perception and knowledge of
the environment. The most recent amend-
ments in 1990 identify 189 toxic substances
and pollutants as well as sources of emis-
sions that en-er the nation’s air. The objec-
tive of the CAA is to restore and mair 1iin
the chemical, physical, and biologica: integ-
rity of the nation’s air.

Under CAA Title IIl, industrial facilities are
subject to new source performance stan-
dards for new facilities to be constructed or
notification of changes to existing ones after
the date the EPA proposes new source per-
formance standards (40 CFR Part 60).

There are 174 categories of sources listed
pursuant to CAA Title IIL. These include
steam generators (both fossil fuel and petrol-
eum), incinerators, cement plants, chemical
acid plants, petroleum refineries, sewage

* treatment plants, metal smelting facilities,
fertilizer production plants, steel plants,
paper mills, glass manufacturing plants,
synthetic fiber production facilities, syn-
thetic organic chemical manufacturing, and
nonmetallic mineral processing plants.

In CAA subpart A, section 61.01, a list of
pollutants deemed hazardous and their
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applicability has been published pursuant
to CAA section 112 (CAA-S).

In CAA Part 61, a list of National Standards
has been created to control those emissions
deemed hazardous air pollutants. Examples
of the emissions are radon from uranium
mines, beryllium, mercury, vinyl chloride,
radionuclides other than radon, benzene
leaks, radionuclide emissions from phos-
phorus plants, asbestos, and inorganic ar-
senic emissions from glass manufacturing
and primary copper smelting.

A priority list of major source categories is
given in C * A section 60.16. Among the
largest sov :es of hazardous pollutants are
synthetic organic chemical manufacturing,
petroleum refineries, dry cleaning, graphic
arts, stationary combustion engines, and in-
dustrial surface coating of fabric. In all there
are 59 sources; however, several of these
sources are no longer considered priority
sources, i.e., mineral wool, secondary cop-
per, and ceramic clay manufacturing.

Title I of the CAA Amendments of 1990
extends and revises the existing require-
ments for attaining and maintaining the
National Ambient Air Quality Standards
(NAAQS) for the following six criteria pol-
lutants: ozone, carbon monoxide (CO), par-
ticulate matter (PM,,), lead (Pb), sulfur
dioxide (SO,), and nitrogen oxides (NO,).
Title I also addresses permit requirements
and emissions inventories for existing
stationary sources. The primary industry
segments impacted by Title I include
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chémicals, pulp and paper, petrochemicals,
pharmaceuticals, iron and steel, and most
manufacturing industries. Title I also

" changed the definition of major stationary
source relative to volatile organic carbon
emissions (VOCs).

Title Hof the CAA Amendments of 1990
covers mobile emission sources. The
requirements affect tailpipe emission stan-
dards for CO,, hydrocarbons, and CO.

Title III of the CAA Amendments of 1990
established emission standards for 189 air
toxics, or hazardous air pollutants (HAPs),
such as acrylonitrile or chlorine. The list of
HAPs is divided into industry groups, such
as polymer and resin production, and then
identifies individual source categories, such
as cellophane or polystyrene productien.
Title II also provides for comprehensive
regulation of solid waste incinerators and
for development of a list of at least 100
HAPs which, if released accidentally, could
serious}y threaten human health or the envi-
ronmeéhgt

Title IV of the CAA Amendments of 1990
seeks to reduce annual emissions of SO, and
NO,, because they are principal components
in the formation of acid rain.

Title VI of the CAA Amendments of 1990
seeks to reduce threats to the stratospheric
ozone layer by phasing out production and
use of chlorofluorocarbons (CFCs), halons,
and other widely used chemicals believed
to contribute to global warming.

Clean Water Act (CWA)

The Clean Water Act (CWA) is a Federal
statute that addresses the quality needs of
the nation’s waterbodies, with regard to
both human and environmental concerns. It

is written to control known, possible, and
unknown toxins and pollutants through
proper use and disposal. The objective of
the CWA is to restore and maintain the
chemical, physical, and biological integrity
of the nation’s water.

Appendix B-85, Toxic Pollutants, is one of
the earliest written and most important
tables for identifying toxic pollutants. These
toxic pollutants are composed of organics,
inorganics, heavy metals, cyanogens, halo-
gens, and PCB compounds. The amended
list is found in 53 FR 46015, October 17,
1988, and is incorporated by reference in
CWA section 307(a)(1).

In addition, the CWA designates under sec-
tion 301(2)(C)(f) categories of pollutant
emissions for organic chemicals, plastics,
synthetic fibers, and pesticides. Besides list-
ing toxic pollutants, the CWA lists 27 cate-
gories of sources that discharge toxic waste,
e.g., pulp and paper mills, dairy product
processing, textile mills, feedlots, electro-
plating industries, plastic and synthetic ma-
terials manufacturing, and petroleum
refining.

The term TTO, “total toxic organics,” is
used to describe a group of chemicals with
quantifiable amount greater than 0.01 milli-
gram per liter. This expanded list of 126
toxic organics was set up to establish efflu-
ent limitations under CWA section
301(b)(2)(C).

CWA subpart D, section 414.40 has a list of
Standard Industrial Code (SIC) 28213
thermoplastic resins and thermoplastic
resin groups that are applicable to the pro-
cess wastewater discharges resulting from
the manufacture of thermoplastic resins.

CWA subpart G, section 414.70 lists bulk
organic chemicals that are associated with

Py
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wastewater resulting from the manufacture
of SIC 2865 and 2869 bulk organic chemi-
cals and organic chemical groups. The list is
broken down into five groups: aliphatic,
amine and amide, aromatic, halogenated,
and other organic chemicals.

Subpart F, section 414.60, Commodity
Organic Chemicals lists the applicable com-
pounds in process wastewater resulting
from the manufacture of SIC 2865 and 2869
commodity organic chemical groups.

Comprehensive Environmental
Response, Compensation and
Liability Act (CERCLA)

The Comprehensive Environmental
Response, Compensation and Liability Act
(CERCLA) is a national law designed to
regulate the cleaning up of environmental
contaminations made before and not cov-
ered under the Resource Conservation and
Recovery Act (RCRA). CERCLA has been
termed “Superfund” because of the large
amounts of money appropriated by Con-
gress to clean up the nation’s environment.
As an amendment to CERCLA, the Super-
fund Amendments and Reauthorization Act
(SARA) gives CERCLA new strength by pro-
viding new cleanup standards, schedules,
and provisions aimed at federal facilities
and increased ssttlement, liability, and
enforcement powers for the EPA and
citizens. '

In 40 CFR 302.4 is a list of hazardous sub-
stances and reportable quantities that are
the chemical compounds regulated by
CERCLA; the Chemical Abstract Services
Reference Number (CASRN) of each com-
pound; its synonym; the statutory source for
designation of the hazardous substance
under CERCLA-CWA, CAA, and RCRA; and

the reportable quantities. Each hazardous
substance is listed in alphabetical order and
grouped with its respective family, i.e., anti-
mony and compounds, arsenic and com-
pounds, polychlorinated biphenyls (PCBs),
spent halogenated solvents used in degreas-
ing, wastewater treatment sludges trom elec-
troplating operations, and spent catalyst
from the hydrochlorinator reactor in pro-
duction of 1,1,1-trichloroethane.

CERCLA also regulates radionuclides, and
in Appendix B of 40 CFR 302.4 is a table
with an alphabetic listing of the hazardous
substances along with their reportable quan-
tities specified in curies.
Also in 40 CFR 302.4, Appendix B of
CERCLA is the “List of Extremely Hazard-
ous Substances and Their Threshold Plan-
ning Quantities.” This table is listed
according to CASRN and has a column for
notes that can include such information as
Threshold Planning Quantity (TPQ), the
statutory reportable quantity, and toxicity
iteri

Resource Conservation and
Recovery Act (RCRA)

The Resource Conservation and Recovery
Act (RCRA) was enacted to fill the regula-
tory pollution control gap between the
Clean Air Act and the Clean Water Act.
Despite its name, RCRA's primary purpose
has been to control the disposal of hazard-
ous and solid wastes generated by various
manufacturing processes and the air and
water pollution control devices installed for
those processes. Waste management catego-
ries within RCRA include the following sut
titles: Subtitle C—Hazardous, Subtitle
D—Nonhazardous, and Subtitle J—Medical

-
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Waste. All hazardous wastes must first meet
the definition of a solid waste. A solid
waste is any garbage, refuse, sludge, and
other discarded material, including solid,
liquid, semi-solid, or contained gaseous
material resulting from industrial, commer-
cial, mining, and agricultural operations,
and from community activities, except
domestic sewage, irrigation return flows, or
industrial discharges controlled as point
sources under the Federal Water Pollution
Control Act or materials controlled under
the Atomic Energy Act. Discarded solid
wastes include abandoned materials, recy-
cled materials, and inherently waste-like
(dioxin-containing) materials.

A hazardous waste is defined as any solid
waste, or combination of solid wastes
which, because of its quantity; concentra-
tion; or physical, chemical, or infectious
characteristics, may (1) cause, or signifi-
cantly contribute to an increase in mortality
or an increase in serious irreversible, or in-
capacitating reversible, illness; or (2) pose a
substantial present or potential hazard to
human health or the environment when
improperly treated, stored, transported, or
disposed of, or otherwise managed. Hazard-
ous wastes include those that either exhibit
a hazardous waste characteristics, as
defined in subpart C of 40 CFR Part 261 or
are a hazardous waste listed in subpart D.

Characteristic hazardous wastes, as defined
in subpart C of 40 CFR Part 261, include
those which exhibit one of the following
characteristics:

e Ignitability, as defined in section 261.21,
applies to solid wastes that are capable of
causing fires during routine handling
and/or significantly increasing the .
dangers of a fire once one is started.

¢ Corrosivity, as defined in section 261.22,
applies to liquid wastes with a pH of less
than 2 or more than 12:5 and solid wastes
with the ability to corrode steel.

¢ Reactivity, as defined in section 261.23,
applies to the capability of a waste to
explode, undergo violent chemical
change in a variety of situations, or react
violently with water to produce toxic
fumes or vapors.

¢ Toxicity, as defined in section 261.24,
applies to the capability of a solid waste
to release into water any of 40 toxic con-
stituents in concentrations above regula-
tory levels established by the EPA. The
standard test method for this characteris-
tic is known as the Toxicity Characteristic
Leaching Procedure (TCLP).

Specific wastes have been identified as haz-

ardous by the EPA because of known haz- .

ardous characteristics. These types of

wastes and the locations of their lists in

40 CFR are given below:

¢ Manufacturing wastes from nonspecific
sources (F code wastes) are listed in
section 261.31.

¢ Manufacturing wastes from specific
industrial processes (K code wastes) are
listed in section 261.32.

¢ Discarded chemical products or interme-
diates that are acutely toxic wastes (i.e., if
the LD, is less than 50 mg/kg) (P code
wastes) are listed in section 261.33(e).

¢ Discarded chemical products or interme-
diates that present risks of chronic toxic-
ity from exposure (U code wastes) are
listed in section 261.33(f).
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TOXIC SUBSTANCES CONTROL ACT
(TSCA)

The Toxic Substances Control Act (TSCA)
includes regulations and testing require-
ments for every chemical substance that is
manufactured for commercial purposes in
the United States or imported for commer-
cial purposes. The following chemicals are
regulated under TSCA with respect to pro-
cessing, use, and disposal, as well as warn-
ings and instructions that must accompany
the substance when distributed: polychlori-
nated biphenyls (PCBs), fully halogenated
chlorofluoroalkanes (CFCs), and asbestos.

TSCA Part 761 establishes prohibitions of,
and requirements for, the manufacture, pro-
cessing, distribution in commerce, use, dis-
posal, storage, and markings of PCBs and
PCB items. Substances with PCBs that are
regulated by this rule include, but are not
limited to, dielectric fluids, contaminated
solvents, oils, waste oils, heat transfer
fluids, hydraulic fluids, paints, sludges,
slurries, dredge spoils, soils, materials con-
taminated as a result of spills, and other
chemical substances or combinations of
substances.

TSCA Part 746 prohibits the manufacture,
processing, and distribution of CFCs as
aerosol propellants, except for export. Two
other classes of exemptions for CFC propel-
lants are (1) for use in an article which is a
food, food additive, drug, cosmetic, or
exempted device, and (2) for essential and

exsmpted uses listed in sections 762.58 and
762.59.

TSCA Part 763, subpart D requires reporting
by persons who manufacture, import, or
process asbestos. Part 763, subpart I prohib-
its the manufacture, importation, process-
ing, and distribution in commerce of the
asbestos-containing products identified and
at the dates indicated. This subpart requires
that products subject to this rule’s bans, but
not yet subject to a ban on distribution in
commercs, be labeled.

One of the major goals of TSCA is to
develop test data which are necessary to
determine whether chemical substances and
mixtures present an unreasonable risk to
health or the environment. Under Section 4
of TSCA, the EPA can require chemical
manufacturers, importers, and processors to
conduct and pay for those tests. TSCA Part
799 identifies the chemical substances, mix-
tures, and categories of substances and mix-
tures for which data are to be developed,
specifies the persons required to test, speci-
fies the test sabstance(s) in each case, pre-
scribes the tests that are required, and
provides deadlines for submission of reports
and data to EPA. Part 766 identifies testing
requirements to ascertain whether certain
specified chemical substances may be con-
taminated with halogenated dibenzodioxins
(HDDs)/dibenzofurans (HFDs), as well as
requirements for reporting these analyses.




