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Notice

The U.S. Environmental Protection Agency through its Office of Research and Development funded and
managed the research described here under contract no. 68-C02-067 to Scientific Applications
International Corporation (SAIC). It has been subjected to the Agency’s review and has been approved
for publication as an EPA document. Mention of trade names or commercial products does not constitute
endorsement or recommendation for use. Use of this methodology does not imply EPA approval of the
conclusions of any specific life cycle assessment.



Foreword

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 ability
of natural systems to support and nurture life. To meet this mandate, EPA's research program is providing
data and technical support for solving environmental problems today and building a science knowledge
base necessary to manage our ecological resources wisely, understand how pollutants affect our health,
and prevent or reduce environmental risks in the future.

The National Risk Management Research Laboratory (NRMRL) is the Agency's center for investigation
of technological and management approaches for preventing and reducing risks from pollution that
threaten human health and the environment. The focus of the Laboratory's research program is on
methods and their cost-effectiveness for prevention and control of pollution to air, land, water, and
subsurface resources; protection of water quality in public water systems; remediation of contaminated
sites, sediments and ground water; prevention and control of indoor air pollution; and restoration of
ecosystems. NRMRL collaborates with both public and private sector partners to foster technologies that
reduce the cost of compliance and to anticipate emerging problems. NRMRL's research provides
solutions to environmental problems by: developing and promoting technologies that protect and improve
the environment; advancing scientific and engineering information to support regulatory and policy
decisions; and providing the technical support and information transfer to ensure implementation of
environmental regulations and strategies at the national, state, and community levels.

This publication has been produced as part of the Laboratory’s strategic long-term research plan. It is
published and made available by EPA's Office of Research and Development to assist the user
community and to link researchers with their clients.

Sally Gutierrez, Director
National Risk Management Research Laboratory



Abstract

The following document provides an introductory overview of Life Cycle Assessment (LCA) and
describes the general uses and major components of LCA. This document is an update and merger of two
previous EPA documents on LCA (“Life Cycle Assessment: Inventory Guidelines and Principles,”
EPA/600/R-92/245, and “LCA101” from the LCAccess, website,
http://www.epa.gov/ORD/NRMRL/Icaccess). It presents the four basic stages of conducting an LCA:
goal and scope definition, inventory analysis, impact assessment, and improvement analysis. The major
stages in an LCA study are raw material acquisition, materials manufacture, production,
use/reuse/maintenance, and waste management. The system boundaries, assumptions, and conventions to
be addressed in each stage are presented. This document is designed to be an educational tool for
someone who wants to learn the basics of LCA, how to conduct an LCA, or how to manage someone
conducting an LCA. Companies, federal facilities, industry organizations, or academia can benefit from
learning how to incorporate environmental performance based on the life cycle concept into their
decision-making processes. This report was submitted in fulfillment of contract 68-C02-067 by Scientific
Applications International Corporation (SAIC) under the sponsorship of the United States Environmental
Protection Agency. This report covers a period from December 2005 to May 2006, and work was
completed as of May 30, 2006.
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Chapter 1
Life Cycle Assessment

What is Life Cycle Assessment (LCA)?

As environmental awareness increases, industries and businesses are assessing how their activities affect
the environment. Society has become concerned about the issues of natural resource depletion and
environmental degradation. Many businesses have responded to this awareness by providing “greener”
products and using “greener” processes. The environmental performance of products and processes has
become a key issue, which is why some companies are investigating ways to minimize their effects on the
environment. Many companies have found it advantageous to explore ways of moving beyond
compliance using pollution prevention strategies and environmental management systems to improve
their environmental performance. One such tool is LCA. This concept considers the entire life cycle of a
product (Curran 1996).

Life cycle assessment is a “cradle-to-grave” approach for assessing industrial systems. “Cradle-to-grave”
begins with the gathering of raw materials from the earth to create the product and ends at the point when
all materials are returned to the earth. LCA evaluates all stages of a product’s life from the perspective
that they are interdependent, meaning that one operation leads to the next. LCA enables the estimation of
the cumulative environmental impacts resulting from all stages in the product life cycle, often including
impacts not considered in more traditional analyses (e.g., raw material extraction, material transportation,
ultimate product disposal, etc.). By including the impacts throughout the product life cycle, LCA
provides a comprehensive view of the environmental aspects of the product or process and a more
accurate picture of the true environmental trade-offs in product and process selection.

The term “life cycle” refers to the major activities in the course of the product’s life-span from its
manufacture, use, and maintenance, to its final disposal, including the raw material acquisition required to
manufacture the product. Exhibit 1-1 illustrates the possible life cycle stages that can be considered in an
LCA and the typical inputs/outputs measured.

Inputs Outputs
Raw Materials Acquisition —p AT ospheric
L a Emissions
Raw r— Manufacturin - \Vaterborne
M aterials g Wastes
L > Solid
Use / Reuse / Maintenance ! Wastes
Energy > L
$ Coproducts
Recycle / Waste Management
- Other
Releases

System Boundary

Exhibit 1-1. Life Cycle Stages (Source: EPA,1993)
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Specifically, LCA is a technique to assess the environmental aspects and potential impacts associated
with a product, process, or service, by:

e Compiling an inventory of relevant energy and material inputs and environmental releases
e Evaluating the potential environmental impacts associated with identified inputs and releases
e Interpreting the results to help decision-makers make a more informed decision.

The LCA process is a systematic, phased approach and consists of four components: goal definition and
scoping, inventory analysis, impact assessment, and interpretation as illustrated in Exhibit 1-2:

1. Goal Definition and Scoping - Define and describe the product, process or activity.
Establish the context in which the assessment is to be made and identify the boundaries
and environmental effects to be reviewed for the assessment.

2. Inventory Analysis - Identify and quantify energy, water and materials usage and
environmental releases (e.g., air emissions, solid waste disposal, waste water discharges).

3. Impact Assessment - Assess the potential human and ecological effects of energy, water,
and material usage and the environmental releases identified in the inventory analysis.

4. Interpretation - Evaluate the results of the inventory analysis and impact assessment to
select the preferred product, process or service with a clear understanding of the
uncertainty and the assumptions used to generate the results.

Life Cycle Assessment Framework

7

Goal
Definition and
Scope

Inventory

Analysis Interpretation

Impact
Assessment

N

Exhibit 1-2. Phases of an LCA (Source: ISO, 1997)
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Life cycle assessment is unique because it encompasses all processes and environmental releases
beginning with the extraction of raw materials and the production of energy used to create the product
through the use and final disposition of the product. When deciding between two or more alternatives,
LCA can help decision-makers compare all major environmental impacts caused by products, processes,
Or services.

What Are the Benefits of Conducting an LCA?

An LCA can help decision-makers select the product or process that results in the least impact to the
environment. This information can be used with other factors, such as cost and performance data to select
a product or process. LCA data identifies the transfer of environmental impacts from one media to
another (e.g., eliminating air emissions by creating a wastewater effluent instead) and/or from one life
cycle stage to another (e.g., from use and reuse of the product to the raw material acquisition phase). If an
LCA were not performed, the transfer might not be recognized and properly included in the analysis
because it is outside of the typical scope or focus of product selection processes.

LCA Helps to Avoid Shifting Environmental Problems from One Place to Another

An LCA allows a decision maker to study an entire product system hence avoiding the sub-
optimization that could result if only a single process were the focus of the study. For example, when
selecting between two rival products, it may appear that Option 1 is better for the environment
because it generates less solid waste than Option 2. However, after performing an LCA it might be

determined that the first option actually creates larger cradle-to-grave environmental impacts when
measured across all three media (air, water, land) (e.g., it may cause more chemical emissions during
the manufacturing stage). Therefore, the second product (that produces solid waste) may be viewed
as producing less cradle-to-grave environmental harm or impact than the first technology because of
its lower chemical emissions.

This ability to track and document shifts in environmental impacts can help decision makers and
managers fully characterize the environmental trade-offs associated with product or process alternatives.
By performing an LCA, analysts can:

o Develop a systematic evaluation of the environmental consequences associated with a given
product.

e Analyze the environmental trade-offs associated with one or more specific products/processes
to help gain stakeholder (state, community, etc.) acceptance for a planned action.

e Quantify environmental releases to air, water, and land in relation to each life cycle stage
and/or major contributing process.

e Assist in identifying significant shifts in environmental impacts between life cycle stages and
environmental media.

e Assess the human and ecological effects of material consumption and environmental releases to
the local community, region, and world.

e Compare the health and ecological impacts between two or more rival products/processes or

identify the impacts of a specific product or process.

Identify impacts to one or more specific environmental areas of concern.
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A Brief History of Life-Cycle Assessment

Life Cycle Assessment (LCA) had its beginnings in the 1960°s. Concerns over the limitations 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 in 1963.

Later in the 1960’s, global modeling studies published in The Limits to Growth (Meadows et al 1972)
and A Blueprint for Survival (Goldsmith et al 1972) resulted in predictions of the effects of the
world’s changing populations on the demand for finite raw materials and energy resources. The
predictions for 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 implications of
alternative sources of energy.

In 1969, researchers initiated an internal study for The Coca-Cola Company that laid the foundation
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 lowest 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 similar comparative life cycle
inventory analyses in the early 1970’s. At that time, many of the available sources were derived from
publicly-available sources such as government documents 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 Environmental Profile Analysis (REPA), as practiced 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
1970’s, 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 multi-
step methodology involves a number of assumptions. During these years, the assumptions and
techniques used underwent considerable review by EPA and major industry representatives, with the
result that reasonable methodologies were evolved.

From 1975 through the early 1980’s, as interest in these comprehensive studies waned because of the
fading influence of the oil crisis, environmental concerns shifted to issues of hazardous and
household waste management. However, throughout this time, life cycle inventory analysis
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 Directorate (DG X1) by the European Commission.
European LCA practitioners developed approaches parallel to those being used in the USA. Besides
working to standardize pollution regulations throughout 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.
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When solid waste became a worldwide issue in 1988, LCA again emerged as a tool for analyzing
environmental problems. As interest in all areas affecting resources and the environment grows, the
methodology for LCA is again being improved. A broad base of consultants and researchers across
the globe has been further refining and expanding the methodology. The need to move beyond the
inventory to impact assessment has brought LCA methodology to another point of evolution (SETAC
1991; SETAC 1993; SETAC 1997).

In 1991, concerns over the inappropriate use of LCAs to make broad marketing claims made by
product manufacturers resulted in a statement issued by eleven State Attorneys General in the USA
denouncing the use of LCA results to promote products until uniform methods for conducting such
assessments are developed and a consensus reached on how this type of environmental comparison
can be advertised non-deceptively. This action, along with pressure from other environmental
organizations to standardize LCA methodology, led to the development of the LCA standards in the

International Standards Organization (ISO) 14000 series (1997 through 2002).

In 2002, the United Nations Environment Programme (UNEP) joined forces with the Society of
Environmental Toxicology and Chemistry (SETAC) to launch the Life Cycle Initiative, an
international partnership. The three programs of the Initiative aim at putting life cycle thinking into
practice and at improving the supporting tools through better data and indicators. The Life Cycle
Management (LCM) program creates awareness and improves skills of decision-makers by producing
information materials, establishing forums for sharing best practice, and carrying out training
programs in all parts of the world. The Life Cycle Inventory (LCI) program improves global access to
transparent, high quality life cycle data by hosting and facilitating expert groups whose work results
in web-based information systems. The Life Cycle Impact Assessment (LCIA) program increases the
quality and global reach of life cycle indicators by promoting the exchange of views among experts
whose work results in a set of widely accepted recommendations.

Limitations of Conducting an LCA

Performing an LCA can be resource and time intensive. Depending upon how thorough an LCA the user
wishes to conduct, gathering the data can be problematic, and the availability of data can greatly impact
the accuracy of the final results. Therefore, it is important to weigh the availability of data, the time
necessary to conduct the study, and the financial resources required against the projected benefits of the
LCA.

LCA will not determine which product or process is the most cost effective or works the best. Therefore,

the information developed in an LCA study should be used as one component of a more comprehensive
decision process assessing the trade-offs with cost and performance, e.g., Life Cycle Management.

Life Cycle Management

Life Cycle Management (LCM) is the application of life cycle thinking to modern business practice,
with the aim to manage the total life cycle of an organization’s product and services toward more

sustainable consumption and production (Jensen and Remmen 2004). It is an integrated framework
of concepts and techniques to address environmental, economic, technological, and social aspects of
products, services, and organizations. LCM, as any other management pattern, is applied on a
voluntary basis and can be adapted to the specific needs and characteristics of individual
organizations (SETAC 2004).
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There are a number of ways to conduct Life Cycle Impact Assessment. While the methods are typically
scientifically-based, the complexity of environmental systems has led to the development of alternative
impact models. Chapter 4 expands on this.

As mentioned earlier, an LCA can help identify potential environmental tradeoffs. However,
converting the impact results to a single score requires the use of value judgments, which must
be applied by the commissioner of the study or the modeler. This can be done in different ways
such as through the use of an expert panel, but it cannot be done based solely on natural science.



Chapter 2
Goal Definition and Scoping

What is Goal Definition and Scoping?

Goal definition and scoping is the phase of the LCA process that defines the purpose and method of
including life cycle environmental impacts into the decision-making process. In this phase, the following
items must be determined: the type of information that is needed to add value to the decision-making
process, how accurate the results must be to add value, and how the results should be interpreted and
displayed in order to be meaningful and usable.

How Does Goal Definition and Scoping Affect the LCA Process?

The LCA process can be used to determine the potential environmental impacts from any product,
process, or service. The goal definition and scoping of the LCA project will determine the time and
resources needed. The defined goal and scope will guide the entire process to ensure that the most
meaningful results are obtained. Every decision made throughout the goal definition and scoping phase
impacts either how the study will be conducted, or the relevance of the final results. The following
section identifies the decisions that must be made at the beginning of the LCA study and the impact of
these decisions on the LCA process.

Getting Started
The following six basic decisions should be made at the beginning of the LCA process to make effective
use of time and resources:

Define the Goal(s) of the Project

Determine What Type of Information Is Needed to Inform the Decision-Makers
Determine the Required Specificity

Determine How the Data Should Be Organized and the Results Displayed
Define the Scope of the Study

Determine the Ground Rules for Performing the Work

ook,

Each decision and its associated impact on the LCA process are explained below in further detail.

Define the Goal(s) of the Project

LCA is a versatile tool for quantifying the overall (cradle-to-grave) environmental impacts from a
product, process, or service. The primary goal is to choose the best product, process, or service with the
least effect on human health and the environment. Conducting an LCA also can help guide the
development of new products, processes, or activities toward a net reduction of resource requirements and
emissions. There may also be secondary goals for performing an LCA, which would vary depending on
the type of project. The following are examples of possible applications for life-cycle inventories, most
of which require some level of impact assessment in addition to the inventory:

e  Support broad environmental assessments - The results of an LCA 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.

e  Establish baseline information for a process - A key application of an LCA is to establish a baseline
of information on an entire system given current or predicted practices in the manufacture, use, and
disposal of the product or category of products. 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 environmental loadings from the product or process systems that
are analyzed. The baseline information is valuable for initiating improvement analysis by applying
specific changes to the baseline system.

e Rank the relative contribution of individual steps or processes - The LCA results provide 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 pollutants. This application is especially
relevant for internal industry studies to support decisions on pollution prevention, resource
conservation, and waste minimization opportunities.

o ldentify data gaps - The performance of an LCA for a particular system reveals areas in which data
for particular processes are lacking or are of uncertain or questionable quality. Inventory followed
by impact assessment aids in identifying areas where data augmentation is appropriate for both
stages.

e  Support public policy - For the public policymaker, LCA can help broaden the range of
environmental issues considered in developing regulations or setting policies.

e  Support product certification - Product certifications have tended to focus on relatively few criteria.
LCA, only when applied using appropriate impact assessment, can provide information on the
individual, simultaneous effects of many product attributes.

e  Provide information and direction to decision-makers - LCA can be used to inform industry,
government, and consumers on the tradeoffs of alternative processes, products, and materials. 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.

e  Guide product and process development - LCA can help guide manufacturers in the development of
new products, processes, and activities toward a net reduction of resource requirements and
emissions.

Determine What Type of Information Is Needed to Inform the Decision-Makers
LCA can help answer a number of important questions. Identifying the questions that the decision-
makers care about will help define the study parameters. Some examples include:

e What is the impact to particular interested parties and stakeholders?

e  Which product or process causes the least environmental impact (quantifiably) overall or in each
stage of its life cycle?

o  How will changes to the current product/process affect the environmental impacts across all life
cycle stages?

e  Which technology or process causes the least amount of acid rain, smog formation, or damage to
local trees (or any other impact category of concern)?

o  How can the process be changed to reduce a specific environmental impact of concern (e.g., global
warming)?

Once the appropriate questions are identified, it is important to determine the types of information needed
to answer the questions.



Attributional LCA versus Consequential LCA

During a workshop held in 2003, specifically on life cycle inventory for electricity generation,
participants recognized the need to choose an allocation method depending considerably upon
whether the life cycle assessment is being performed from an attributional or a consequential point of
view. The term “attributional life cycle assessment” was defined as an attempt to answer “how are
things (i.e. pollutants, resources, and exchanges among processes) flowing within the chosen

temporal window?” while “consequential life cycle assessment” attempts to answer “how will flows
beyond the immediate system change in response to decisions?” For example, an attributional LCA
would examine the consequences of using green power compared to conventional sources. A
consequential LCA would consider the consequences of this choice in that only a certain amount of
green power may be available to customers, causing some customers to buy conventional energy
once the supply of greener sources was gone. The choice between conducting an attributional or a
consequential assessment depends on the stated goal of the study (Curran, Mann, & Norris 2005).

Determine the Required Specificity

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

An LCA can be envisioned as a set of linked activities that describe the creation, use, and ultimate
disposal of the product or material of interest. At each life cycle stage, the analyst should begin by
answering a series of questions: Is the product or system in the life cycle stage specific 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 questions often rests on whether the life cycle is being performed for
internal organizational use or for a more public purpose. Accessibility to product- or facility-specific data
may also be a factor. A company may be more interested in examining its own formulation and assembly
operations, whereas an industry group or government agency may be more interested in characterizing
industry-wide practice. LCAs can have a mix of product-specific and industry-average information. For
example, a cereal manufacturer performing an analysis of using recycled paperboard for its cereal boxes
might apply the following logic. For operations conducted by the manufacturer, such as box printing, set
up, and filling, data specific 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 manufacturing, the cereal manufacturer is again faced with the
specificity decision. The data could be product-specific, or generic data for the manufacturing stage
could be used. The product-specific approach has these advantages: the aggregated data reflect the
operations of the specific paper mills supplying the recycled board, and the energy and 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 additional cost and time associated with collecting



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.

Determine the Data Requirements

The required level of data accuracy for the project depends on the use of the final results and
the intended audience (i.e. will the results be used to support decision-making in an internal
process or in a public forum?). For example, if the intent is to use the results in a public
forum to support product/process selection to a local community or regulator, then estimated
data or best engineering judgment for the primary material, energy, and waste streams may

not be sufficiently accurate to justify the final conclusions. In contrast, if the intent of
performing the LCA is for internal decision-making purposes only, then estimates and best
engineering judgment may be applied more frequently. This may reduce the overall cost and
time required to perform the LCA, as well as enable completion of the study in the absence of
precise, first-hand data.

In addition to the intended audience, the required level of data accuracy could be based on
the criticality of the decision to be made and the amount of money involved in the decision.

The alternative decision path, using industrial average data for making recycled paperboard, 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 environmentally
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 represent industry-wide practices. The extent of representation depends on the quality and
coverage of the available data and is impossible to state as a general rule.

It is recommended that the level of specificity be very clearly defined and communicated so that readers
are more able to understand the differences in the final results. Before initiating data collection and
periodically 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.

Foreground and Background Data

An important element in LCA practice is the distinction that has been made between foreground and
background data. The foreground system refers to the system of primary concern. The background

system delivers energy and materials to the foreground system as aggregated data sets in which
individual plants and operations are not identified. The selection of foreground or background data
decides if either marginal or average data are to be used.
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Determine How the Data Should Be Organized and the Results Displayed

LCA practitioners define how data should be organized in terms of a functional unit that appropriately
describes the function of the product or process being studied. Careful selection of the functional unit to
measure and display the LCA results will improve the accuracy of the study and the usefulness of the
results.

When an LCA is used to compare two or more products, the basis of comparison 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 handwashing example, if bar soap were compared to liquid soap, the
logical basis for comparison would be an equal number of handwashings. Another example of equivalent
use would be in comparing cloth diapers to disposable diapers. One type of diaper may typically be
changed more frequently than the other, and market/use studies show that often cloth diapers are doubled,
whereas disposables are not. Thus, throughout a day, more cloth diapers will be used. In this case, a
logical basis for comparison 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, particularly when the
study compares packaging for delivery of a specific product. A beverage 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.

An Example of Selecting a Functional Unit

An LCA study comparing two types of wall insulation to determine environmental preferability must
be evaluated on the same function, the ability to decrease heat flow. Six square feet of four-inch
thick insulation Type A is not necessarily the same as six square feet of four-inch thick insulation

Type B. Insulation type A may have an R factor equal to ten, whereas insulation type B may have an
R factor equal to 20. Therefore, type A and B do not provide the same amount of insulation and
cannot be compared on an equal basis. If Type A decreases heat flow by 80 percent, you must
determine how thick Type B must be to also decrease heat flow by 80 percent.

Define the Scope of the Study

As Chapter 1 explained, an LCA includes all four stages of a product or process life cycle: raw material
acquisition, manufacturing, use/reuse/maintenance, and recycle/waste management. These product stages
are explained in more detail below. To determine whether one or all of the stages should be included in
the scope of the LCA, the following must be assessed: the goal of the study, the required accuracy of the
results, and the available time and resources. Exhibit 2-1 provides an example of life cycle stages that
could be included in a project related to treatment technologies.

Raw Materials Acquisition

The life cycle of a product begins with the removal of raw materials and energy sources from the earth.
For instance, the harvesting of trees or the mining of nonrenewable materials would be considered raw
materials acquisition. Transportation of these materials from the point of acquisition to the point of
processing is also included in this stage.
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Manufacturing
During the manufacturing stage, raw materials are transformed into a product or package. The product or

package is then delivered to the consumer. The manufacturing stage consists of three steps: materials
manufacture, product fabrication, and filling/packaging/distribution.

Materials Manufacture - The materials manufacture step involves the activities that convert raw
materials into a form that can be used to fabricate a finished product.

Product Fabrication - The product fabrication step takes the manufactured material and processes it
into a product that is ready to be filled or packaged.

Filling/Packaging/Distribution - This step finalizes the products and prepares them for shipment. It
includes all of the manufacturing and transportation activities that are necessary to fill, package, and
distribute a finished product. Products are transported either to retail outlets or directly to the
consumer. This stage accounts for the environmental effects caused by the mode of transportation,
such as trucking and shipping.

Use/Reuse/Maintenance

This stage involves the consumer’s actual use, reuse, and maintenance of the product. Once the product is
distributed to the consumer, all activities associated with the useful life of the product are included in this
stage. This includes energy demands and environmental wastes from both product storage and
consumption. The product or material may need to be reconditioned, repaired or serviced so that it will
maintain its performance. When the consumer no longer needs the product, the product will be recycled
or disposed.

Recycle/Waste Management
The recycle/waste management stage includes the energy requirements and environmental wastes
associated with disposition of the product or material.
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Syste ra Boundarsy
Exhihit 2-1. Sanple Life Cycle Stages for a Treatment Project

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 subsystems are defined by life-cycle stage categories in Chapter 3. The rest of this chapter
deals with defining boundaries of the whole product system. Many decisions 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 primary, 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
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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 reasons for the decision. The following questions are useful in
setting and describing specific system boundaries:

Does the analysis need to cover the entire life cycle of the product? A theoretically 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 consequences of such decisions is important for evaluating tradeoffs
between the ability of the resulting inventory to thoroughly address environmental attributes of the
product constraints on cost, time, or other factors that may argue in favor of a more limited boundary.
Too limited a boundary may exclude consequential activities or elements.

Depending on the goal of the study, it is possible to exclude certain stages or activities and still
address the issues for which the life-cycle assessment is being performed. For example, it may be
possible to exclude the acquisition of raw materials without affecting the results. Suppose a company
wishes to perform an LCA to evaluate alternative drying systems for formulating a snack food
product. If the technologies are indifferent to the 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 system. However, with this system boundary, the degree of absolute differences in the overall
system energy or environmental impact cannot be determined. The difference in the product
manufacturing stage may represent a minor component of the total system. Therefore, statements
about the total system cannot be made.

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 used at different rates, packaged in varying
guantities, or come in different sizes, how can one accurately compare them? Can equivalent use
ratios be developed? Should market shares be considered to estimate proportionate burden form each
product in a given category? Is the study intended to compare service systems? Are the service
functions clearly defined so that the input and outputs are properly proportioned?

What ancillary materials or chemicals are used to make or package the products or run the
processes? Might these ancillary materials or chemicals contribute more than a minor fraction of the
energy or emissions of the system to be analyzed? How do they compare by weight with other
materials and chemicals in the product systems?

In a comparative analysis, are any extra products required to allow one product to deliver equivalent
or similar performance to another? Are any extra materials or services required for one service to be
functionally equivalent to another or to a comparable product?

Exhibit 2-2 shows an example of setting system boundaries for a product baseline analysis for a
hypothetical bar soap system. Tallow is the major raw material for soap production, and its primary raw
material source is the grain fed to cattle. Production of paper for packaging 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.
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Exhibit 2-2. Example Flow Diagram of a Hypothetical Bar Soap System
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In an LCA to create a baseline for future product development or improvement, the unit upon which the
analysis is performed can be almost anything that produces 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 LCA were intended to analyze whether bar soap should be manufactured using an animal-derived or
vegetable-derived raw material source, the system boundaries and units of analysis would be more
complicated. First, the system flow diagram would have to be expanded to include the growing,
harvesting, and processing steps for the alternative feedstock. Then the performance of the finished
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 materials acquisition step. Because the two products
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 formulae 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.
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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 handwashing to provide an equivalent level of function or service. An acceptable
basis for comparison might be equal numbers of handwashings. Because these two products may be used
at different rates, it would be important to find data that give an equivalent use ratio. For example, a
research lab study may show that five cubic millimeters of bar soap and ten cubic millimeters of liquid
soap are used per handwashing. If the basis for comparison were chosen at 1,000 handwashings, 5,000
cubic millimeters of bar soap would be compared to 10,000 cubic millimeters of liquid soap. Thus, the
equivalent use ratio is 1 to 2.

Because the two soap product types are packaged in different quantities and materials, the analyst would
need to include packaging 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 or the other.
Soaps typically must meet a minimum 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 system on two conditions. The first
condition would apply if the environmental issues associated with this component were germane to the
purpose of the LCA. The second condition, which is not as clear-cut, is if there is actual value received
by the consumer from inclusion of the moisturizer. If market studies indicate that consumers purchase the
product in preference to an identical product without a moisturizer, or if they subsequently use a
moisturizing lotion after using a non-moisturizing soap, then equivalent use would entail including the
separate moisturizing lotion. Including the moisturizing lotion would move the comparison beyond
equivalent handwashing to equivalent hand washing and skin moisturizing.

In defining system boundaries, it is important 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 alternatives considered, can that step be excluded from the system. In addition, the
framework for the comparison must be recognized as relative because the total system values exclude
certain contributions. This rule is especially critical for LCAs used in public forums rather than for
internal company decision making. For example, a company comparing alternative processes for
producing 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 process 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 in 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 bottles. However, if the original bottles were compared to
boxes of a different size and shape, the filling step would need to be included.
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Applications of System Expansion

System expansion broadens the system boundaries and introduces a new functional unit to make the
two systems being compared equal in scope. Take for example Product A which is produced by
Process AB along with co-product B. Product A is to be compared to Product C which is the only
product to be produced by Process C. Using system expansion, an alternative way to produce
Product B is added to Process C. The comparison is now between Process AB and Process C plus
Process D.

Another approach to applying system expansion is by subtracting the environmental burdens of an
alternative way of producing Product B (using the same example as before) so that only Product A is
compared to Product C. This approach is also referred to as the avoided burden approach since it is
reasoned that the production of any alternative products is no longer needed and the resultant
environmental burdens are avoided. The environmental burdens allocated to the product of interest
are then calculated as the burdens from the process minus the burdens of an alternative co-product.

For example, a process that also generates heat, such as a refrigerator, offsets some of the need for
space heating which would be supplied by some other source. The emissions avoided through this
reduced demand might include emissions such as carbon dioxide, sulfur dioxide, nitrogen oxide,
carbon monoxide and hydrocarbons that are typically emitted from power generation facilities. This
process can result in negative accounting of burdens if the subtracted releases do not occur in the
main product system.

Process AB Process C Process D

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 several 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
processes or materials for inks used in packaging, it would be important to include chemicals used in very
small amounts.

Additional areas to consider in setting boundaries include the manufacture of capital equipment, energy
and emissions associated with personnel requirements, and precombustion impacts for fuel usage. These
are discussed later.

After the boundaries of each system have been determined, a system flow diagram, as shown in Exhibit 2-
2, can be developed to depict the system and direct efforts to gather data for the life cycle inventory.
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Each system step should be represented individually in the diagram, including the production steps for
ancillary inputs or outputs such as chemicals and packaging.

Determine the Ground Rules for Performing the Work
Prior to moving on to the inventory analysis phase it is important to define some of the logistical
procedures for the project.

1. Documenting Assumptions - All assumptions or decisions made throughout the entire project must be
reported along side the final results of the LCA project. If assumptions are omitted, the final results
may be taken out of context or easily misinterpreted. As the LCA process advances from phase to
phase, additional assumptions and limitations to the scope may be necessary to accomplish the
project with the available resources.

2. Quality Assurance Procedures - Quality assurance procedures are important to ensure that the goal
and purpose for performing the LCA will be met at the conclusion of the project. The level of
quality assurance procedures employed for the project depends on the available time and resources
and how the results will be used. If the results are to be used in a public forum, a formal review
process is recommended. A formal review process may consist of internal and external review by
LCA experts and/or a review by interested parties to better ensure their support of the final results. If
the results are to be used for internal decision-making purposes only, then an internal reviewer who
is familiar with LCA practices and is not associated with the LCA study may effectively meet the
quality assurance goals. It is recommended that a formal statement from the reviewer(s)
documenting their assessment of each phase of the LCA process be included with the final report for
the project.

3. Reporting Requirements - Defining “up front” how the final results should be documented and
exactly what should be included in the final report helps to ensure that the final product meets the
appropriate expectations. When reporting the final results, or results of a particular LCA phase, it is
important to thoroughly describe the methodology used in the analysis. The report should explicitly
define the systems analyzed and the boundaries that were set. The basis for comparison among
systems and all assumptions made in performing the work should be clearly explained. The
presentation of results should be consistent with the purpose of the study. The results should not be
oversimplified solely for the purposes of presentation.
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Chapter 3
Life Cycle Inventory

What is a Life Cycle Inventory (LCI)?

A life cycle inventory is a process of quantifying energy and raw material requirement