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Notice

This report has been subjected to U.S. Environmentd Protection Agency interna peer and adminidrative
review and approved for publication. Approva does not sgnify that the contents necessarily reflect the
views and policies of the U.S. Environmenta Protection Agency, nor does mention of trade names or
commercid products congtitute endorsement or recommendation for use. This document isintended as a
reference guide on how to determine environmenta preferability for products purchased by the federa
government.

Users are encouraged to duplicate portions of this publication as needed to implement an environmenta
preferability-based procurement program. Organizations interested in reprinting and distributing the entire
report should contact the Life Cycle Assessment Team, Nationa Risk Management Research Laboratory,
U.S. Environmental Protection Agency, Cincinnati, Ohio, 45268, to obtain a reproducible master.



Foreword

The U.S. Environmenta Protection Agency is charged by Congresswith protecting the Nation's land, air,
and water resources. Under amandate of nationa environmentd laws, the Agency srivesto formulateand
implement actions leading to a compatible baance between human activities and the ability of natura
systems to support and nurture life. To meet thismandate, EPA’ sresearch programis providing dataand
technical support for solving environmenta problems today and building a science knowledge base
necessary to manage our ecologica resources wisdy, undersand how pollutants affect our hedth, and
prevent or reduce environmenta risksin the future.

The Nationd Risk Management Research Laboratory is the Agency’s center for investigation of
technologica and management approaches for reducing risks from threats to human health and the
environment. Thefocusof theLaboratory’ sresearch programison methodsfor the prevention and control
of pollutionto air, land, water and subsurface resources, protectionof water qudityinpublic water systems;
remediationof contaminated Sitesand groundwater; and preventionand control of indoor ar pollution. The
god of this research effort is to catdyze development and implementation of innovative, cost-effective
environmentd technologies, develop stentific and engineering information needed by EPA to support
regulatory and policy decisons, and provide technica support and informationtransfer to ensure effective
implementation of environmentd regulations and drategies.

The approach outlined in this document, caled the Framework for Responsible Environmental Decision-
Making (FRED), was devel oped insupport of the EPA’ sOffice of Pollution Preventionand Toxicsasthey
establishthe Environmentd Preferable Purchasing (EPP) program. EPPisin response to Executive Order
13101 whichrequires EPA to develop guidedines on environmentdly preferable purchasing by the federal
government. The goa of the program is to make the environmental aspects of products a factor in
purchasing decisions, dong withthe traditiona factors of technicd performanceand cost. FRED provides
the basis for anapproachthat may be used to consstently compare the environmentd profiles of products
on the basis of thar impacts to human hedth and the environment from raw materia acquidition through

ultimate disposd.
This publication has been produced as part of the Laboratory’ s strategic long-term research plan. 1t is

published and made available by EPA’ s Office of Researchand Development to assist the user community
and to link researchers with their clients.

E. Timothy Oppelt, Director
Nationad Risk Management Research Laboratory



Abstract

Higtorically, purchase price and technica performance have been the two primary criteria in the product
selection process. In September 1998, President Clinton signed Executive Order 13101, “Greening the
Government through Waste Prevention, Recyding, and Federal Acquigtion” which defines the federal
government’ s preference for “environmentaly preferable” products and services. TheU.S. Environmenta
Protection Agency (U.S. EPA) developed the Framework for Responsible Environmental Decision-
Making (FRED): Using Life Cycle Assessment to Evaluate Preferability of Productsto assst the
Agency’s Office of Pallution Prevention and Toxics in thar development of guiddines for procurement
officidsin meeting the intent of this Executive Order.

The FRED decision-making methodology introduced herein demonstrates how the life-cycle concept can
be used to quantify competing products environmenta performance so that this information may be
integrated with considerations of total ownership cost and technica performance. Specificdly, this report
describeshow life cyde assessment (referred to as the FRED L CA approach) can be applied to determine
and compare the environmental and human health impacts of competing products.

This report provides guidance on how to conduct a redive comparison between product types to
determine environmentd preferability. 1t identifies data collection needsand issues; and describeshow to
cdculate numeric impact indicators for a given product or service across eight human hedth and
environmenta impact categories. The eight categories were sdected pecificadly to meet the god of the
effort and indude the following: Global Climate Change, Stratospheric Ozone Depletion, Adidification,
Photochemicd Smog Formation, Eutrophication, Human Hedth, Ecologicd Hedth, and Resource
Depletion.

Case studies were conducted on three product categories (motor ail, wall insulaion, and asphdt coating)
to evauate the process aswell as the output. It was concluded that the FRED LCA approach can be
performed in a much shorter time period than is typica for a more detailed LCA. This more practica
duration for procurement decisions is achieved though the focusing of data collection and a smplified
impact assessment procedure.
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Chapter 1 - Introduction

Choosng among competing products in the
marketplace can be a difficult process for the
federa procurement officd. Although purchase
price and technicd performance have higoricdly
been the two primary criteriain product selection
process, as the result of Executive Orders 12873
and 13101(see box), and subsequent changesto
the Federal Acquistion Regulaions (FAR), the

In October 1993, President Clinton signed Executive
Order 12873, “Federal Acquisition, Recycling, and Waste
Prevention,” which directs Executive Agencies to
evaduate the environmenta attributes of the $200 billion
in products and services purchased by the Federa
government each year. Executive Order 13101 entitled
“Greening the Government through Waste Prevention,
Recycling, and Federa Acquisition,” signed September
14, 1998, further defines the Federal government’s

environmentd performance of products has also
become an important selection criterion.

preference for “environmentally preferable” products
and services.

In response to these new directives, the EPA’S
Office of Research & Development conducted a project to develop a practicad methodology to guide
environmentaly preferable purchasing. The overdl approach is called FRED, the Framework for
Responsible Environmenta Decison-Making and involves integrating price, technica performance and
environmental information based on LCA into purchasing
FRED

decisons. This document focuses on the approach for
(LC;\J [Pri&e) [Per[onnanc%

conducting the LCA component.

Life Cyde Assessment (LCA) is a cradle-to-grave
evaduation of the environmentd effects of products and
sarvices. It provides a haligic view of the environmental
aspects of products and services. The FRED LCA mode
specifies many of the choices to be taken in performing an
L CA for environmentd preferability, thus reducing the variability between studies. In addition, FRED
provides basdine modes for performing the impact assessment phase of LCA for environmenta
preferability. These modds were chosen as a baance among stentific accuracy, smplicity of use and
conformance withtheinternationa standardsonLCA. Asthe science of L CA improves, other models may
prove to be more environmentdly rdlevant without loang ther ease of use. For example, on-going research
within the Office of Research & Development includes the development of more sophisticated impact
modding caled TRACI (Tool for the Reduction and Assessment of Chemicad and Other Impacts). The
results of the TRACI modd asit developswill be incorporated into the FRED mode as appropriate.

Exhibit 1-1. FRED M ethodology

To the greatest extent feasible, FRED followsthe requirements of the International Standards Organization
(ISO) 14040 series of standards.

It should be noted that the andlyss will only be as good as the data that go into it. Hence, there may be
cases where FRED will not be able to draw aconclusion on environmental preferability, because the data
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areincomplete or uncertain, or the results of the impact assessment do not clearly point to a preferable
system. In these cases, the decision-maker will need to consider other factors such as product codts (i.e.
total cost of ownership) and technicd performance. Weighting across impact categories may aso be
needed. The process of assgning numeric values to impacts is based on va ue judgments (usudly made by
the decision maker or decison-making group) and tends to be a controversid part of LCA agpplications.
However, several gpproaches to weighting exist and can be applied to LCA results. These are explored
in detall in Chapter 4.

Some of the guidance provided by FRED includes:

* Alig of eght core environmenta impact categories

* Indicators and models for each impact category

» Dataqudity requirements for different types of products
e Minimum indicator reporting requirements

Executive Order 13101 places primary requirements on federa purchasing agents based on single
characteristics such as percent recycled content. However, it is recognized that in some circumstances, a
life cyde review of the multiple environmenta attributes of aproduct or servicemay identify environmentally
preferable productswhichdo not meet angle attribute criteria. FRED provides guidance for demongtrating
the overdl environmenta preferability of products as a possble dterndive approach to sngle attribute
requirements. I nthe absence of product-specific life cyde assessments based onFRED, purchasing agents
must comply with the requirements of the executive order and the associated FAR (Federal Acquisition
Regulation), interpreting them as appropriate for their uses.

LCA isa sysgemdic approach to evauating the environmentd effects associated with any given activity
from theinitid gathering of rawv materias from the earth to the point a which al materias are returned to
the earth. This evaluation includes the use of resources and releases to the air, water, and soil. LCA
provides a haligic review of the potential impacts associated with particular products and services,
providing indicatorsof the rdevant environmenta impacts. Studies have been conducted since the 1960s,
withmany organizations usng L CA to haligticaly identify and eva uateenvironmentd effects of the products
and services they offer and/or procure.

In its gpplication of LCA, FRED further defines specificdly for the user what types of engineering and
environmenta datato collect. Thisisanimportant aspect of the FRED L CA systembecauseit reducesthe
time and resources required to performthe L CA while ensuring that products are being compared in afar
and congstent manner.

Benefits of FRED

The FRED LCA methodology has been designed to provide the ability for procurement officids and
vendors to gpply a greater degree of specificity, complexity, and/or completeness to the evauation of



competing products or services. Key benefits of usng FRED in choosing among competing products
indude:

» Simplification of data collection and impact assessment, making the approach easier to conduct and
more helpful to procurement officials and vendors.

»  Generationof resultsthat can be integrated with information on product technica performance viathe
functiond andyss step of LCA.

» Facilitated comparative assertions that will be more consistent and scientificaly-based usngindicators
on environmenta performance.

* Mesting the needs of the federd government to assess environmenta benefits of competing products
and services (per E.O. 13101).

Appropriate Use of FRED

FRED is designed to compare two or more product types performing the same function (e.g., R-15
fiberglasswall insulaion, R-15 blown cdllulose wall insulation, etc). Asin any LCA sudy, one of thefirst
activitiesin FRED isafunctiona andysswhichintegrates product technica performanceinto environmenta
performance. While an andys's of asingle product may be interesting, a the minimum, products must be
compared againg industry average data in order to evauate whether they represent an environmentaly
superior product.

Snceitisbased onLCA, the FRED L CA systemislimited by the data availability and assumptions of the
L CA technique. Comparisons musgt be made on an indicator by indicator bass (without combining the
different environmentd indicators to provide a sngle score). Because of the uncertainty of the data,
differences between products should be at least an order of magnitude to be considered. See more
discussion on data uncertainty and variability in the following section, “Data Qudity.”

It may be that an L CA identifiesno true “winne” interms of environmentd preferability, either because the
differences between the two product types aretoo small, or because one product is better in some areas
and worseinothers. Inthis case, the procurement officer can ether fall back on price and performanceto
make the purchasng decision or can utilize a stakeholder andysis and a weighting methodology that is
described in Chapter 4.

FRED does not consider criteria of concern suchas socioeconomic issues, or occupationd safety. To the
extent that these criteria are relevant to the procurement process, additiona analysis may be necessary.

The gpplicationof FRED discussed in this guidance document has beentargeted to promoting the indusion
of halistic environmentd performanceeva uationin the federal agency purchasing decis on-making process.
The FRED methodology has been designed to provide the ability for procurement/purchasing officias
and/or vendorsto gpply a greater degree of specificity, complexity and/or completeness to the evauation



of competing products. These gpplications of FRED aong with guidance on the use of more sophisticated
indicator modds of human health and environmenta impacts will be discussed in future EPA research
efforts.

Roadmap to the Remainder of this Document

This reference guide focuses on the approach used to gpply the FRED LCA system to develop an
approach for both federa procurement offidads and product vendors on how to determine holigic
environmentd preferability in a practica, cost-effective method by comparing products from a life cycde
perspective. Chapter 2 provides guidance on the first two steps in the FRED methodology, defining the
product comparison’s goa and scope and identifying/collecting the necessary data for the andyss and
performing error andysis to ensure that the conclusions of the FRED LCA system will be vdid. Chapter
3 describeshow to cal culate numeric impact indicators for agiven product or services in each of the eight
human hedlth and environmental impact categories modeled by FRED, step three (impact assessment)in
the methodol ogy. Issues related to total cost of ownership and technical performance are covered briefly
inChapter 4. Chapter 4 a so provides guidance on how to present the resultsto compare the environmenta
preferability of productsusng FRED. Chapter 5 provides condusons and future steps. Information about
pilot projects, which were used to test and refine the FRED LCA system, are found in the appendices.



Chapter 2 - Framework for Responsible Environmental Decision-M aking

Overview

The Framework for Respongble Environmental Decison-Making (FRED) provides afair and consstent
method for comparing the holistic environmental performance of products on the basis of their impactsto
human hedlth and the environment from raw materia acquisition through ultimate disposd. As described
inChapter 1, FRED useslife cyde assessment (LCA) to achieve this objective. The stepsof L CA indude
god and scope definition, inventory andys's, impact assessment, and interpretation. Exhibit 2-1 illustrates
the life cyde assessment framework asdefined by the International Standards Organization (1SO). The key
to the FRED LCA system for providing afair and consstent method to compare products is through the
use of uniform system boundaries, data quaity requirements, and selection of impact categories and
asociated indicator models. By defining the mgority of the decisionpointsinthe L CA process, the result
isaconsistent, practica, and user-friendly methodfor eva uating the humanhedthand environmentd effects
of products.

The remainder of this document highlightsthe
LCA process defined for use in FRED to
evaluate environmental preferability.
Specificdly, guidance on Goal and Scope mlSc-!n
Definition and Inventory Analysis are
provided in this Chapter. The Impact
Assessment process is outlined in detail in
Chapter 3. _Chapter 4 provides gui dance-on Iventary —>
Interpretation of the results to determine Analysis | €—
environmental preferability.

Life Cyle Accecement Framewasrk

Interpretatian

Step 1: Goal and Scope Definition

Impart —>
The god and scope definition phase of the Assessment |

FRED L CA systemhdpsthe user definewhat
data must be collected (boundary definition),
the functiond unit by which data are going to
be collected, and the qudity of the data  Exhibit 2-1. Life Cycle Assessment Framework
required to make an accurate decision (Source: 1SO 14040)

(accuratdly reflecting the god of the project).




Scope

As dtated earlier in Chapter 1, the FRED LCA
system is based on the principle of evaluating
environmenta impacts across the life cycle of a
product or service; i.e., raw materids acquigtion,
manufacturing, uselreuse/ maintenance, and
recycle/waste management. These lifecycle stages
are illugtrated in Exhibit 2-2. To consgently and

All products or services shall consider the
environmental impacts from raw materials
acquisition, production, manufacturing,
packaging, distribution, reuse, operation,
maintenance, and disposal to the greatest
extent feasible.

fairly compare the
environmental impacts from
competing products, it is
L LL Ouputs important that material,
| Y Y | > ;.:zru energy, and environmenta
release data, aso referred to
A 4 - as life cyde inventory (LCI)
Pear — . > Rt Aakams .
M emss | Menttaae | Wtar data, are collected for all life
v it cyde stages. The scope of
_ | Ust Pews Muincenwe: | —_— each product’s LCI must be
Foy . verified for smilarity prior to
== o | — Copuadss evaluating environmental
— preferability.
j LEFXVEY
Syet =m Badar,
Syssem Function and

Exhildt 2.2, Life Cycle §iages (Saxse TR (399

Functional Unit

As afirg step in performing

an LCA, an andysis of the function performed by the different product syslems must be performed. It is
thisfirg sep which assures that the technica performance of productsis taken into account in evauating
the environmenta performance of competing products. Sometimes, this analysis is a straightforward

exercise, but sometimes it is quite complex. For
example, in comparing two different motor ails,
one migt take into account the miles of
protection provided (e.g., 3,000 miles) without
viscosity breakdown. On the other hand, one
might compare the use of wal insulaion with
different insulaing factors. Here one must include
the area to be covered, the building congruction,

Comparisons between products or services
shall be made on the basis of the same system
function,
functional unit (i.e., the amount of product
required to fulfill the function).

quantified by each products

the average outside temperature (winter and summer), and the temperature maintained and life-gpanof the

product.



At aminimum, one must consider the following aspects of asystemfunctionin order to make a legitimate
comparison of two products.

* What isthe intended function of the product? (Why does one wish to purchaseaproduct or service)

*  What arethe spatia characterigtics of the function? (Area, volume, linear characteristics)

*  Wha are the tempord characteristics of the function? (How long must it lag, isthe use intermittent?)

*  What are the specific technicd performance requirements for this function? (Often spelled out in
technica requirements)

LCA practitioners define how data should be reported in terms of afunctional unit. The functiond unit
quantifies the amount of product required to fulfill the function. Comparisons between products for
environmentd preferability must be made on the basis of the same function, and the LCI data must be
collected onthe bas's of each products functiond unit. Exhibit 2-3 provides examples of systemfunctions
and functiond unitsfor the 3 pilot projects used in generating this reference guide.

Exhibit 2-3. Examples of System Function and Functional Units

Product System Function Functiond Unit
Motor Oil (petroleum | 10W30 motor oil that provides 1 quart of 10W30 Motor QOil
based) 3,000 mile protection without

viscosity breakdown to an
automobile engine.

Motor Oil (vegetable | 10W30 motor oil that provides 1 quart of 10W30 Motor Oil
oil based) 3,000 mile protection without
viscosity breakdown to an
automobile engine.

Asphdt (thin-layer) Provide usable road surface (at 2 goplications of 1.5 inches of
least aqudity rating of 5onascde | asphalt cement and tack coat.
of 10) for one lane mile of agphdt
cement road for 20 years.

Agphdt (emulson) Provide usable road surface (at 5 gpplications of agphdt emulsion
least aqudlity rating of 5 on ascae
of 10) for one lane mile of agphdt
cement road for 20 years.




Product System Function Functiond Unit

Wall Insulation (R-13 | Providea70° F environment fora | 1,200 ft?
Cdlulos) 9,600 ft3 (1,200 ft? x 8 ft. ceilings)
wood-frame resdentia house with
an avg. outside temp. of 55° F, avg.
winter temp. of 32° F, and an avg
summer temp. of 85° F. 50 year

life-gpan.
Wwall Insulation (R-11 | Providea70° F environment fora | 1,200 ft?
Fiberglass) 9,600 ft3 (1,200 ft? x 8 ft. ceilings)

wood-frame resdentia house with
an avg. outside temp. of 55° F, avg.
winter temp. of 32° F, and an avg
summer temp. of 85° F. 50 year

life-gpan.

Comparisons between products or systems must be made on the basis of the same system function,
quantified by each products functiond unit. If they are not based equdly, environmentd preferability can
not be determined from the results.

Boundaries

The system boundaries define which unit process
should be included inthe life cycle inventory (L Cl)
data collection to accurately inform the decision
meking process. The fundamentd approach to
callecting L CI data relies on the identification and quantification of materid, energy, and environmentd
release data usng the engineering principle of amass and energy balance. Pre-defined boundariesare used
to guide the LCI data collection process to direct the amount of time and resources required to complete
the mass and energy bal ancewhilemaintaining the study’ s ability to judge environmenta preferability. Refer
to EPA, L CI guidance”Life-Cycle Assessment: | nventory Guiddinesand Principles,” EPA/600/R-92/245.

Comparisons between products or services
shall be of equal breadth and depth.

Since completing afull massand energy ba ance can be quitetime-consuming, certain Smplifying rules can
be applied to data collection (as long as the god of the study is not compromised). For example, the
following can be consdered when setting boundaries for data collection:

* Mass- incdudedl inputsthat cumulatively contribute more than one percent (1%o) to thetotal massinput
of the product system being eva uated.



* Energy - incdudedl inputsthat cumulaively contribute more than one percent (1%) to the total energy
input of the product system being evauated.

* Environmental Contribution - include dl inputs that cumulatively contribute more than one percent
(1%0) to the estimated quantity of each type of environmental release or impact assessment category.

The 1% cut-off may bedisregarded if a critical emisson(suchas achemicd that istoxic inamdl quantities)
is known to be part of the system and its omissons would not accuratdly reflect the results of the impact
modding. The above guiddines for setting the required percent contribution are to be investigated for
accuracy and practicdity for determining environmenta preferability duringfuturepilot projects. Regardiess
of where the boundary lines are drawn for data collection, it isimportant to ensure that equal boundaries
(same breadth and depth) are used when comparing products for environmentd preferability to prevent
misrepresentation of the fina results.

Data Quality

The qudity of data used to determine
environmentd  preferability can  dgnificantly
influence the results. The FRED LCA system
compares products to guide environmentaly
preferable purchasing. Assuch, the qudity of data
used must be sufficient to support such a public
decison. In addition, the qudity of data collected for both products must be appropriate.

Comparison between products and services
shall be made with data of equal quality and
caliber tojudge environmental preferabilityin
a public forum.

The reason why data qudity is important for any comparative LCA application is that unless there are
meaningful and discernable differences among the data values of the products being compared, the results
of the comparison will be inconcusive. Error andyss determines mathematicaly and statisticaly whether
any differencesindatavaues are indeed sufficient to rank the datavauesinameaningful manner, and thus
facilitate conclusive results of the comparison.

Asagenerd rule, the closer together the vaues of the LCI data are, the higher the data quality needsto
be. Thissmply trandatesasa need for smaller “error bars’ as performance of productsis closer together.
For example, if the difference between CO, emissions of two products is two orders of magnitude, then
conclusive results may be derived even if data qudity is not very good, or data sourcesfor the two vaues
are incomparable. On the other hand, improvement in precison of measurements may not result in
condusivereaultsif production process varighility is greater thanthe difference among themeasured va ues.
Therefore, careful attentionmust be given to the qudity of the data collected to ensurethat a determination
of environmenta preferability can be reached at the conclusion of the studly.

Dataquality characteristics include data uncertainty (based on data source), completeness, comparability
and variability. Completeness of a data set isevaluated by identifying data gaps. All data gaps that exceed



the system boundary thresholds noted above should be filled, ether through additional datacollection, or
through the use of industry average data or surrogete data or professiona judgement.

Error Analyss

Error andyds is applied to a dataset to determine the range of possble overlap of inventory emissons
numbers. Without error analys's, inventory vaues that may seemingly appear different enough to base a
decison of environmenta preferability, may prove to be too close to characterize one dternative as
preferable to another.

Once the error ranges have been determined, the analyst can identify which differences among product
dternatives are large enough and meaningful as to the performance of the product to judify an EPP
characterization of a product with the FRED LCA system.

In the following sections we will discuss variahility, precison, confidence, and data source uncertainty.
These data qudity characteristics should hdp the user arive at scettificdly defensble results, in the
process of gpplying the FRED L CA framework to compareproducts. I nthose insanceswhenthe datasets
collected cannot support a defensible comparison, the error andysis will be able to point thisout inaclear
and draightforward manner. The fallowing is a reference discussion intended to describe what are the
implications of error andyss to comparisons of the environmenta performance of dternative products, but
not how to perform it. (Additiona information on how to conduct an uncertainty andyss to verify the
qudity of lifecydeinventory data can be found inthe EPA document, “ Guiddinesfor Assessng the Qudity
of Life-Cycle Inventory Analyss,” EPA530-R-95-010.)

Variability Analysis

The variaility of the actua inventory data val uesmay be related to different production methods avallable
to produce the same components or ingredients. Variability may aso arise by use of variable grade input
materids, differences in process performance based on ambient temperature variations, scrap-rate of the
process, anbient ar humidity, and numerous other variables that may affect process efficiency and
effectiveness.
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That variation may produce a Production Method Variability Analysis of LCI Data
vaiability spread (range) for iy
Irodict Spstem B
the outputs of a data category \
for the productionstage suchas Fradictim ot
those shown in Exhibit 2-4. |- a-—--—- Weshted - _ _aqlabaeBl ___ <2
Theseshould be discussed and - | &F-F4----—- - - - - e Wit Ereabicrion
andyzed. This approach is | & pipper S “Ronge
H H H E = - =11 |7~ —~-—7 _‘___'.f_vv _______

appro_pnate in a public z Rt r
assertion LCA.

. - [
Precison, Validity, and Data

t M t N R . . g -
Source Uncertainty Exhibit 2-4. Production Method Variability Analysis

Different data types that are of LCI Data

used in a life-cycle inventory
have different vaidity. Site-specific dataare collected by a practitioner at individua Steswhere the specific
unit processes are Situated and are operating. Non-site-specific data come from other available sources.
Surrogate datais collected from different but reasonably smilar processes which may be usedinabsence
of Primary data. ESimated data

represent the Life Cyde Invertory Data Source Uncertainty -nalysis of LCI Data
practitioner’s best judgment as to ‘ ( ) Naasaes

what the unit operation’s “"’:g‘ﬁ{f’

environmentd releasesmay belikein| A Prouciim N

redlity. The different levels of data e 37 MetraeBLT

source uncertainty associated with
vaues of different data types will
affect the assurance one has in the
conclusions that can be derived from s Swinlior
any given data set. An error andysis

> I
Laceviasng v X
Wosht=4 Ve
Average 4

Liyrg Carggrory X

performed for the specific data set [ ¥ Product Spsten: A Praduct System B
used in a study will determine the
uncertainty rangesfor any two vaues Exhibit 2-5. Data Sour ce Uncertainty Analysis

based on the data type of these of LCI Data

goecific vdues. The approach is

gmilar to that of variability analyss, with the added complexity of determining the vdidity corresponding
to each data type, semming from possible lack of consstency in the data collection/generation, unequd
resolutior/sgnificant digits of the data vaues used, limits to detection, etc.

Exhibit 2-5 conceptudly shows the error associated with different data (for products A and B, with B
produced two ways), and how these may be represented graphically.
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Combining the data source uncertainty, process data variability and production variability ranges will
provide one with the overal uncertainty/variability range for the data point, that determines the overdl
“fuzziness’ of the data point. Exhibit 2-6 illustrates how the overal uncertanty/ variability range may be
conceptually represented

graphicdly.

Varighility Uncertainty Analysis of 1.CI Data
Exhibit 2-7 demondtrates how the

incluson of the variahility ranges

could affect the resuiting condusions 4 ,(Hﬂf,‘;"m
in any of the categories where a Il
mess or energy difference is podion . NN L1 o
identified by introducing overlap of ™ VehedRIPTT 5" {hverall
the value ranges where there had  § Weishtedwt—| Troduction  Uycortaingy /
been differences before. g Averase B Vartahility  Vagrighility
9 ) Range Ranws
Mathematicd methods, such as % I&ﬂ;&% >:7 N }

error analysis, should be used to A
veify that the difference in the O W
values used to determine [ncet@nty for 2

environmental  preferability is
appropriate to interpret the results e

of the sudy. Vaiability of Product System B
environmental data commonly fdls  Exhibit 2-6. Variability/Uncertainty Analysis of LCI Data
into the 0 to 100 percent range.

Thisnatura varidbility isone reason

why comparison between systems may not distinguish between systems that are less than an order of
magnitude.

Data Sour ces Vartabilicy Uncercainey Analysis of LCT Daca

The fd'OVVIrg is intended to i +) Duraf e

providebroad guidance onthe e R

selection and use of data |, ) Faducmen

sources withthe FRED LCA | & - Macrad 1
g Wenghtes

sysem. ;s araps B
; s R.H_ucﬁm

The data sources used inthe [ & Arare et %

FRED LCA system will be a Sy

mix of Ste-specific and non+

ste-specificdata(i.e. detathat [® Praduct System A Produce System B

is based on an industry or

nationd average, or from Exhibit 2-7. Variability/Uncertainty Analysis of LCI Data
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surrogateor estimated sources). For product comparisonit is preferable that Ste-specific databecollected
for unit processes that contribute the mgority of either mass, energy, or environmentd relevance to the
overdl study becausethe extent of dataprecision, completeness and representativeness can be determined.
Exhibits 2-8 and 2-9 provide additiona guidance on prioritizing the need for Site-specific versus non-dte-
specific datafor different product types by life-cycle stage. The guidance provided beow isintended to
reduce the time and resources required to collect LCl data for different product types by focusing data
collectionefforts onlife-cycdle stages withthe greatest suspectedimpact. Exhibit 2-8 canbe used to dassfy
aproduct based onitsdurability, energy consumptioninthe use stage, and dispersionby use. Then, Exhibit
2-9 can be utilized to receive guidance on what data sources should be used for the inventory portion of
data collection.

13



Exhibit 2-8. Classification of Product Types

disposal at the end of
their life-span.

Product Type Energy Examples
Characteristic'?
Durable Energy Intensve  (in Vehicles e Buldings
Use stage) Computers * Appliances
Products that have a
long life-span (i.e., Non-Energy Intensive Roads «  Furniture
greater than 1year). | (in Use stage) Paint « Books
Non-Durable, Energy Intengve  (in Cryogenic paint sripping
Dispersed Use stage) Fertilizer, commercid gpplication (i.e,
dispensad from motorized vehicle)
Products that have a Pedticide, commercia application (i.e.,
short life-span (i.e., dispensad from motorized vehicle or
lessthan 1 year), and arcraft)
are.dlspersed inthe Non-Energy Intensve Detergents o  Solvents
environment and can (in Use stage) Cleaners * Hair spray
not be recovered or Cosmetics . Soap
reused.
Non-Durable, Non- Energy Intensve  (in Light bulbs e Dry-cdl non-
Disper sed Use stage) Disposable watch rechargesble
batteries
Products that have a
short life-span (i.e., :
less than 1 year), and Non-Energy Intensive Razor blades » Paper cups
can be collected for (inUse stage) Engineail * Pendls
Printer paper » Toothbrush

Note: 1. Energy Intensve - Products that require energy to perform their intended function.

2. Non-Energy Intensve - Productsthat require minima energy to performtheir intended function.
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Exhibit 2-9. Data Collection Requirements

Life Cycle Stage Site-Specific Data Non-site-specific Data
Raw Materids * None * All Product Categories
Acquigtion
Manufacture e All Product Categories
Use/Reuse/ e Durdble Energy Intendve (inUsedage) |« Durable, Non-Energy
Maintenance * Non-Durable, Dispersed, Energy Intensive (in Use stage)
Intensve (in Use Sage) * Non-Durable, Non-
* Non-Durable, Dispersed, Non-Energy Dispersed, Energy
Intensve (in Use Sage) Intensve (in Use Sage)

* Non-Durable, Non-
Dispersed, Non-Energy

Intensive (in Use stage)
Recycle/Waste * Durable, Non-Energy Intensve (inUse |« Durable, Energy Intensve
Management stage) (in Use stage)
* Non-Durable, Non-Dispersed, Energy | ¢ Non-Durable, Dispersed,
Intensve (in Use age) Energy Intensve (in Use
* Non-Durable, Non-Dispersed, Non- stage)
Energy Intensive (in Use stage) * Non-Durable, Dispersed,
Non-Energy Intensve (in
Use stage)
Trangportation (Al |« None * All Product Categories
LC stages)

Impact Categoriesand Indicator Models

Environmental preferability is determined by | All products or services shall be compared
comparing the potential impacts to human hedlth | usingaminimum® core” group of eight impact
and environment of products, and selecting the | categories using prescribed indicator models.
product with the least potentia impact. How one
measuresthe potentid effects on humanhedthand
the environment from a product is a point of great controversy in society and a source of significant
incong stency indeve oping product comparisons. While there are many other modds and sysemsavailable
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for use to modd environmenta impact (see Chapter 4 for further discusson), the FRED LCA system
attempits to resolve issues of inconsistency by defining a group of eight “core’ impact categories (and
associated indicator models) that mode a product’ s human hedth and environmentd effects to promote
afar and consstent systemfor comparison. Exhibit 2-10 identifiesthe impact categories, indicator models,
and the underlying data needed to assess the different categories.

Collected LCI data may contribute to one or more impact category. For example, chlorofluorocarbons
(CFC's) released to the ar may cause both globa warming and stratospheric ozone depletion. The FRED
L CA systemappliesthe total amount of CFC’ sreleased (100%) to bothimpact categories to estimate the
maxi mum potentia impact to each category. This assgnment is appropriate because CFC' s participate
a full potency in both environmental mechanisms smultaneoudy.

Step 2:Life Cycle Inventory - Identification and Collection of Appropriate Product Life-Cycle
Data

The second gtep in the FRED LCA system isto identify and collect dl product life-cycle datathat will be
used to estimate indicators of impactsto humanheath and the environment. To support the caculation of
impact indicators, data must be gathered describing the inputs (e.g., energy, materids, water) and outputs
(e.g., environmentd rel eases, by-products, co-products) fromal of a product’ slife-cycle sages identified
during Step 1, Goa and Scope Definition. A procedural framework for life cycle inventory data collection
can be found in the US EPA document, “Life Cycle Assessment: Inventory Guideines and Principles,”
(EPA/600/R-92/245). Thiswork hasbeen updated through the devel opment of the 1 SO 14041 document,
“LCA Principles and Framework” finalized in September 1998.

As gated in the previous section, this data collection exercise caninvolve collecting both ste-specific data
aswell asthe use of non-gte-specific data in describing the impacts from each life cycle sage of agiven
product. Both ste-specific and non-site-specific data should becollected according to life cyde stagesand
by environmental media in order to fadilitate an increased interpretation and presentation of results.
Following the completion of the data collectionprocess (L Cl) the next step isto transfer the data quantities
of environmental releases and resources used into corresponding impact categories.

16



Exhibit 2-10.

Impact Categoriesand Indicator Modelsfor the FRED LCA System

I mpact I mpact Indicator Indicator L CI Data Needed for Model*
Category M odel
Globd Warming | Intergovern- CO, Carbon Dioxide (CO,)
mental Panel on Equivdents Nitrogen Dioxide (NO,)
Climate Control (kg) Methane (CH,)
(IPCC) Chlorofluorocarbons (CFC's)
Hydrochlorofluorocarbons (HCFC's)
Methyl Bromide (CH;Br)
Stratospheric World CFC-11 Chlorofluorocarbons (CFC's)
Ozone Depletion | Meteorological Equivdents Hydrochlorofluorocarbons (HCFC's)
Organization (ko) Haons
(WMO) Methyl Bromide (CH;Br)
Acidification Chemicd Acidification Sulfur Oxides (SOx)
Equivdents Potentia Nitrogen Oxides (NOx)
Hydrochloric Acid (HCL)
Hydrofluoric Acid (HF)
Ammonia (NH,)
Photochemical Empiricd Kinetic Maximum Non-M ethane Hydrocarbons
Smog Modding Approach | Incrementa (NMHC's)
(EKMA) Reactivity
Eutrophication Redfidd Ratio PO, Phosphate (PO,)
Equivdents Nitrogen Oxide (NO)
(ko) Nitrogen Dioxide (NO,)
Nitrates
Ammonia (NH,)
Human Hedth Universty of Benzene, Toxic Chemicds
Cdifornia-Berkeley | Toluene,
TEPs TEPS
Ecologicd Hedth | Research Triangle Toxic Chemicas
Ingtitute sLCIA
Expert Verson 1
Resource Life Cycle Stressor Quantity of Minerals Used
Depletion Environmentd Quantity of Fossil fueds Used
Assessment Quantity of Precious Metas
(LCSEA) Modd

Note: 1. Thefollowing are asample of typicd LCI itemsfor each modd. There are other LCI items

that may fall under one category or another that are not listed.

17




Chapter 3 - FRED Impact Categories and Indicator Models

A vaiety of environmental impact categories and associated indicators have been developed and more
continue to be identified as the science evolves. The categories range from globa impacts, such as globa
warming, to local impacts, such as photochemical smog. After completing areview of the most common
categories, @ght impact categorieswere selected for useinthe FRED L CA system. These categorieswere
selected based on the goals of the effort, the breadth of the project’s scope, and the level of acceptance
within the impact assessment community.

Step 3: Life Cycle Impact Assessment

A life cyde impact assessment (L CIA) canbe used to evauate aproduct’ s potentid effect onhumanhedlth
and environment. To accomplish thisgod, the LCA principles of impact categories and impact indicator
models are used.

Impact categories are defined dassfications of human health and environmertal effects caused by a
product through out itslife cycle. The FRED L CA systemdefinesthe fallowing “ core” group of eight impact
categories.

e Globd Warming e Eutrophication

e Stratospheric Ozone Depletion e Human Toxicity

e Adidificaion e Ecologicd Toxicity
e Photochemicd Smog * Resource Depletion

Impact indicators measurethe potentia for the impact to occur, rather than attempting to directly quantify
the actua impact. This approachworkswel inthe FRED L CA system, becauseit isa comparative method
usng relative magnitude to determine whichproduct hasless of apotentia impact, asopposed to ameasure
of asngle product’ s absol ute environmenta impact. An impact indicator is generadly an intermediate node
(i.e. a mid-point) on the environmental mechaniam for which there is a science-based correlation to the
environmenta impact. For example, one of the ways globa warming potentid is quantified is to evauate
the radiative forcing potentid of the greenhouse gasesin the atmosphere, because this measure integrates
the forcing function on the earth’sdimate:

GHGs | = | Radiative | = Globa Climate Change = | Environmenta
Forcing (increasing temperature, €tc.) Damege
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The1SO 14042 guiddinesfor impact assessment describe the need for environmentally relevant indicators
and that the indicator results should be clearly stated in terms of the following criteria

a) The ahility of the category indicator to reflect the consequences of the LCI results on the category
endpoint(s), a least quaitatively; and

b) The addition of environmenta data or information to the characterization modd, with respect to the
category endpoint(s), including:

S the condition of the category endpoint(s),

S the relative magnitude of the assessed change in the category endpoint(s),

S the spatial aspects, such as areaand scae,

S the temporal aspects, such as duration, residence time, persistence, timing, etc.,

S the reversibility of the environmental mechanism, and

S the uncertainty of the linkages between the characterization mode and the changesin the
category endpoints.

These criteria for environmenta relevance were used to help select the impact indicators for the LCA
component of FRED. LCIA is a developing area and the FRED LCA system relies only on existing
methods and models. Therefore, not dl of the criteriafor environmental relevance were able to be met.
Eachimpact indicator has a checklist and descriptionof how the indicator meets or does not meet the | SO
criteriafor environmenta relevance.

The fdlowing sections describe in detall the meaning of each impact category, the indicator which
represents the potentia for the impact to occur, the model sdlected to quantify the associated affects to
human hedlth or the environment, as well as the environmenta relevance mentioned above.

Global Warming

Background

Globd warming , or the “greenhouse effect,” is defined as the changes in the Earth’ s climate caused by a
changed heat balanceinthe Earth’ satmosphere. After water vapor, CO, isthe most important greenhouse
gas. Normadly, hillions of tonsof carboninthe formof CO,, are absorbed by the oceans and vegetationand
are emitted to the atmosphere annuadly through natural processes. When at equilibrium, the changes
between absorption and emisson are roughly balanced. The additiona anthropogenic sources of
greenhouse gases (GHG' s) present inthe atmosphere may have shifted that equilibrium, actingasa“thermal
blanket” and trapping heat from reflected sunlight that would otherwise pass through the atmosphere.
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Altering the atmosphere by trapping more heeat has been modeled to have awidevariety of effects on the
earth’s climate, including longer growing seasons, droughts, floods, increased glaciation, loss of the polar
icecaps, sealevd rise and other digplacements, including direct effects on humanhedththrough biologica
agents. The speed of these projected effects, coupled with their widespread nature, imply a devastating
effect on the entire biosphere.

Calculating the FRED Global Warming | ndicator

The Intergovernmental Panel on Climate Change (IPCC) globa climate change mode is used to estimate
the potentia impacts to the environment from globa warming. This model converts quantities of GHG's
into carbon dioxide (CO,) equivadents usng IPCC-defined globa warming potentia equivaency factors.
Globa Warming Potentid Equivaency Factors (GWP' s) compare the ability of each greenhouse gas to
trap heat in the atmosphere relative to the heet-trapping ability of CO..

GHG data obtained for each L CA stage are multiplied by the relevant GWP, o, (over a 100 year lifespan)
to produce CO, equivadent vaues. Asthe equivaency factors are unitless vaues, any unit of weight can
be used, aslong asthe unit of measurement is stated expliatly and are cons stent throughout the calculation.
This processisdone for each GHG, withthefind step being the summationof dl CO,, equivaents. The find
sum, known as the Globa Warming Index (GWI), indicates the product’ s potentia contribution to global
warming for each life cycle sage.

The following equation is used to cdculate the GWI:
Globa Warming Index = S; w; X GWP,, where
w; =weight of inventory flow i per functiona unit of product
GWP, = Globd Warming Potentid Equivalency Factor evauated at 100 years
=weight of CO, with the same heat-trapping potentid as agram of inventory flow i
Exhibit 3-1 shows the GWP's for some substances that are considered to contribute to globa warming. A

100-year lifespan was selected as the mogt suitable for the goal of this effort, although other bases for
caculating potentia equivalency (such as 20-year or 50-year factors) are available.
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Exhibit 3-1. Global Warming Potential Equivalency Factors

GWP
wt CO2/wt substance

Substance Formula over a 100-year lifespan

Carbon dioxide CO, 1
HFC-23 CHF, 11700
HFC-32 CH,F, 650
HFC-41 CH3F 150
HFC-43-10mee CsH,Fy 1300
HFC-125 C,HF5 2800
HFC-134 C,H,F, 1000
HFC134a CH,FCF; 1300
HFC-152a C,H,F, 140
HFC-143 C,H3F; 300
HFC-143a C,H3F 3800
HFC-227ea C;HF, 2900
HFC-236fa C;H,F 6300
HFC-245ca CiHsF5 560
Chloroform CHLCI 9
Methylene chloride CH,CI, 1300
Sulfur hexafluoride Sk, 23900
Perfluoromethane CF, 6500
Perfluoroethane C,Fs 9200
Perfluoropropane CsFs 7000
Perfluorobutane C,Fi 7000
Perfluorocyclobutane c-C,Fg 8700
Methane CH, 21
Nitrous oxide N,O 310
(IPCC, 1995)
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Example

The following example uses LCI data from the BEES motor oil study (listed in Appendix A) to calculate the globd

warming potentia for the various life cycle gagesin the ail rerefining process.
Substance | Transport of | GWP GWI Re-refined | GWP GWI Transport § GWP GWI Use GWP GWI End of | GWP GWI
Re-refined Oil of Re- Life
QOil for production refined Qil
Manufactur for Use
e
CO2 0 1 0 0 1 (0] 0 1 (0] 0] 1 0 0 1 0
(biomass) I I
CO2 (fossil) 13.000 1 13.000y 2.48E+0 1 248.000I 61.800] 1 61.800 0] 1 0 0 1 0
2
Methane 0.005 21 0.105 1.23E- 21 2.583] 0.021 21 0.441 0] 25 0 0 25 0
01
0.024] 310 7.440 5.39E-| 310§ 1.671 0.011f 310 3.410| 0] 320 0 o] 320 0
03
Subtotal 20.600 252.3000 65.700 0 0
Total for all LC stages: 338.6g equivalent CO
Environmental Relevance
Met by
SO Criteria Indicator | Description
Consequence (74 All greenhouse gasesin the LCI are evauated for their radiative
Link forcing potential. Changes in the heat balance of the atmosphere
are the forcing function for globa climate change. No atempt is
meade to calculate the effects on endpoints.
Environmentd NA Does account for ambient concentrations of GHG'sin the
Condition and amosphere and the intengity of the globa warming effect. Does
Intengity consder the variation in potency of different GHG's (e.g., methane
isamore potent GHG than CO2) and the absol ute contribution of
GHG'sto globa warming in terms of CO2 equivaents. Not
gpplicable to location-specific projected effects.
Spatia Aspects (74 Congders the potentid impact on the globa climate. However,
more refined spatia characterization, such asregiond climate
change, is hot captured.
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Met by
SO Criteria Indicator | Description
Tempora v Based on the 100 year time horizon.
Aspects
Revershility Does not congder the reverghility of globa warming.
Uncertainty Does not congder the uncertainty of globa warming.

Stratospheric Ozone Depletion

Background

Stratospheric ozone depletion is the unnatura reductionof the protective ozone (O5) layer, due in part to
chemica reactions with man-made substances. Stratospheric ozone is constantly being created and
destroyed through naturd cycles. Various ozone-depleting substances (ODS s), however, accelerate the
destruction processes, resulting in lower thannorma ozone levels. For example, whena particular type of
ODS known as chlorofluorocarbons (CFC' s) reach the stratosphere, the ultraviolet radiationfromthe sun
causesthem to break gpart and release chlorine atoms whichreact withozone, garting chemica cyclesof
ozone destruction that deplete the ozone layer.

Reductionsinozone leves will lead to higher leves of UVB (akind of ultraviolet light fromthe sun) reaching
the Earth's surface. Laboratory and epidemiologica studies demondtrate that UVB causes nonmelanoma
skin cancer and plays amajor role inmaignant melanoma development. In addition, UVB hasbeenlinked
to cataracts. UVB aso harms some crops, plastics and other materids, and certain types of marine life.

Calculating the FRED Stratospheric Ozone Depletion I ndicator

The Montrea Protocol Handbook, a primary guidance document on stratospheric ozone depletion, uses
ozone depletionpotentid, expressed as CFC-11 equivdents, asthe indicator of the potentia for depletion
to occur. The technique used for converting ODC’ s obtained from L Cl datato CFC-11 equivdentsis the
same as the method demonstrated for global dimate change: multiply the emissions values by the
equivdency factor, and add the resultant equivaencies to arrive at the product’s overal potentia
contribution to stratospheric ozone depl etion.

The mode established by the M ontreal Protocol usesthefollowingtechniquefor caculating the equivaency
potentid (EP):

EP=)w; x EF;
wherew, = weight of inventory flow i per functiond unit of product
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EF, = ozone depletion potentid equivaency factor

= weght of CFC11 with the same potentia ozone depleting effect as a gram of

inventory flow i

Exhibit 3-2 shows the equivaency factors (EF s) for ODC' s developed by the Protocol.

Exhibit 3-2. Stratospheric Ozone Depletion Potential Equivalency Factors

EF
wt CFC1l/wt substance
Substance Formula oo(at infinity*)
CFC11 CFCl, 1
CFC12 CF,Cl, 0.82
CFC113 CF,CICFCI, 0.90
CFC114 CF,CICF,CI 0.85
CFC115 CF,CICF; 0.40
Tetrachloromethane CcCl, 1.20
HCFC22 CHF.CI 0.04
HCFC123 CF;CHCI, 0.014
HCFC124 CF;,CHFCI 0.03
HCFC141b CFCLCH,4 0.10
HCFC142b CF,CICH, 0.05
HCFC225ca CF;CF,CHCl, 0.02
HCFC225ch CF,CICF,CHFCI 0.02
1,1,1-trichlorethane CH5CCl, 0.02
Methyl chloride CH.CI 0.12
0.02
Halon1301 CF3Br 12
Halon 1211 CF,CIBr 51
Methyl bromide CH3Br 0.64
(EPA, 1999)

* different time scale factors are available; it is recommended by the Society of Environmental Toxicology and
Chemistry (SETAC, 1997) to use infinity.
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Example

The following example caculates the stiratospheric ozone depletion potentia for a hypothetical process

Substance Raw EF EP Manufactu | EF EP ]Transportof | EF EP Use EF EP End of Life EF EP
Material ring Product
Acquisition Process
CFC 11 0.50 1.00 0.50 10.00 1.00] 10.00 0 1.00 0.00 0.25 1.00 0.25 5.00 1.00] 5.00
Halon 1211 2.00] 3.00 6.00 1.00f 3.00f 3.00 o] 3.00f o0.00 0.10] 3.00 0.30 0.50] 3.00] 1.50
M ethyl 1.00 0.70 0.70 4.00 0.70 2.80 0 0.70 0.00 0.20 0.70 0.14 2.00 0.70 1.40
Bromide
Subtotal 7.2 15.8 0 0.69 7.9
Total for all LC stages: 31.6 g equiv.
CFC11
Environmental Relevance
Met by
SO Criteria | Indicator Description
Consequence v All ozone depleting substances in the LCI are evauated for their
Link ozone destruction potentia, but no attempt is made to calculate
effects on endpoints.
Environmentd Does not account for ambient concentrations of ozone depleting
Condition and substances in the atmosphere or the intensity of the ozone depletion
Intensity effect.
Spatial Aspects v Congdersthe potential impact on the globd leve of ozone, whichis
appropriate for this category. More refined spatial characterizations,
such asregiond ozone depletion, are not captured.
Tempord v Evauates the ozone depletion potential of substances integrated
Aspects over their atmospheric lifetimes.
Revershility Does not consder the reversibility of ozone depletion effects.
Uncertainty Does not consder the uncertainty of ozone depletion.
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Acidification
Background

Acidification, or acid rain asit is commonly known, occurs when emissons of sulfur dioxide (SO2) and
oxides of nitrogen (NO,) react in the aimaosphere with water, oxygen, and oxidantsto formvarious acidic
compounds. This mixture forms amild solution of sulfuric acid and nitric acid. Sunlight increases the rate
of most of these reactions.

These compounds then fall to the earth in either wet form (such asrain, snow, and fog) or dry form(such
as gas and particles). About hdf of the acidity inthe atmospherefalls back to earth through dry deposition
asgases and dry particles. The wind blows these acidic particles and gases onto buildings, cars, homes,
and trees. In some instances, these gases and particles can eat away the things on which they sdttle. Dry
deposited gases and particles are sometimes washed from trees and other surfaces by rainstorms. When
that happens, the runoff water adds those acids to the acid rain, making the combination more acidic than
the fdling rain aone. The combination of acid rain plus dry deposited acid is called acid deposition.
Prevailingwindstransport the compounds, sometimes hundreds of miles, across state and nationd borders.

Electric utility plants account for about 70 percent of annua SO, emissions and 30 percent of NOx
emissons in the United States. Mobile sources (trangportation) also contribute significantly to NOx
emissons. Overdl, over 20 million tons of SO, and NO, are emitted into the atmosphere each year.

Acid rain causes acidification of lakes and streams and contributes to damage of trees a high devations
(for example, red sprucetrees above 2,000 feet in eevation). In addition, acid rain accelerates the decay
of building materids and paints, induding irreplaceabl e buildings, statues, and sculpturesthat are part of our
nation's culturd heritage. Prior to fdling to the earth, SO, and NO, gases and their particulate matter
derivatives, sulfates and nitrates, contribute to visibility degradation and impact public hedth.

Calculating the FRED Acidification I ndicator

Severd indicators exig for acidification; the most common reference substances being hydrogen ions and
aufur dioxide. Either can be expressed in terms of the other. The FRED methodology uses SO, as the
reference chemica. The method for caculating the Acidification Index (Al) issmilar in goproach to other
impact indicators: the LCl substances that are present in the table below are multiplied by the equivaency
factor (AP) to arive at SO, equivdent quantities. The SO, equivadentsfor eachlife cyde stage are summed
to calculated the Acidification Index (Al).
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The following eguation outlines the caculation:
Acidification Index = S; w; X AP,, where
w;  =weght of inventory flow i per functiond unit of product
AP,  =Addification Potentia Equivaency Factor
= weight of SO, with the same potentid acidifying effect as aunit weight of
inventory flow i

Exhibit 3-3. SO, Equivalency Factorsfor Acidification

Substance wt SO,/ \A/;‘t‘Fs)ubstance
Ammonia 1.90
HC 0.087
HF 161
NO 0.71
NO2 0.7
NOXx 0.71
SO2 1
SOx 1
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Example
The following example uses L CI data from the BEES motor ail study (list in Appendix A) to caculate the acidification

potentid for the various life cycle stagesin the ol rerefining process.:
Substance Transport of | AP Al Re-refined| AP Al JTransportof| AP Al Use AP Al End of Life | AP Al
Re-refined Qil Re-refined
Oil for production Oil for Use
Manufacture
/Ammonia 1.67E-08] 1.88] 3.14e-08]2.95E-08| 1.88 6&08' 7.92E-08] 1.88] 1e07 0 1.88| 0 o] 188 0
Hydrogen 6.56E-05] 0.88] 5.77e-05] 368E-| 0.88 o] 311F-04] o0.88 0 0 o.88] 0 o] o088 0
Chloride 03
Hydrogen 8.20E-06] 1.6] 1.31e-05 460E-] 1.6 0] 3.89E-05 1.6 0 0 1.6 0 0 1.6 0
Fluoride 04
Nitrogen 3.05E-02] 0.7] 214e-02 520E-] 0.7] 0.36] 1.45E-01 0.7] 0.102 0 0.7] 0 0 0.7] 0
Oxides 01
Sulfur Oxides 1.92E-02] 1.0 1.92e02| 1.54E+0] 1.0 1.54] 9.11E-02 1.0 0.09 0 1.0 0 0 1.0 0
0|
Subtotal 0.04 1.91 0.19 0 0
Total for all LC stages: 2.14 g equivalent SO2

Environmental Relevance

Met by
SO Criteria | Indicator Description
Consequence v All acid precursorsin the LCI are convertedto acidification potentia
Link based on their chemica equivaancies. Deposition of protons where
neutralizetion capacity is exceeded is the forcing function of
acidification..
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Met by

SO Criteria | Indicator Description
Environmentd Does not account for ambient concentrations of acid ionsin the
Condition and amosphere or the potentid intensity of acidification effectsto the
Intensity environment. Does consider the variation in potency of different

pollutants and the overd| potentia contribution of acid precursors to
acidification in terms of SO, equivadents. Thisindicator represents
an upper bound to acidification.

Spatiad Aspects Congdersthe potentia for forming acid ionsin a generic sense.
More refined spatid characterizations, such asregiond acidification,
may be preferred and are not captured by thisindicator.

Tempord Does not consider the tempord aspects of acidification.
Aspects

Reverghility Does not congder the reversihility of acidification.
Uncertainty Does not consider the uncertainty of acidification.

Photochemical Smog

Background

Ground-leve ozone causes avariety of short-termand longterm hedth effects, suchas eye and respiratory
irritation, and pre-cancerous lesions. The oxidetive ability of ozone causes damage to forests, agricultura
products and persond property (i.e., items using paint, rubber or plastics).

When foss| fuds (e.g., gasoline) are burned, avariety of pollutants are emitted into the earth's
troposphere, i.e. the region of the aimaosphere in which we live - from ground level up to about 15

km. The advent of increased automohbile use in the last Sixty years has led to increased levels of reactive
organic gases (ROG'’ s) and oxides of nitrogen (NO,) in the air. Under certain conditions these gases, in
the presence of sunlight, canundergo complex chemica reactions that create ground-level ozone. Two of
the pollutants that are emitted are hydrocarbons (e.g., unburned fuel) and nitric oxide (NO). When these
pollutants build up to sufficiently high levels, a chain reaction occurs from their interaction with sunlight in
which the NO is converted to nitrogen dioxide (NO,). NO, isabrown gasand at sufficently high leves
can contribute to urban haze. However, amore serious problemisthat NO, can absorb sunlight and break
apart to produce oxygen aoms that combine with the O, in the ar to produce ozone (O3). Ozone isa
powerful oxidizing agent, and atoxic gas. In North America elevated levels of tropospheric ozone cause
severd hillion dollars per year damage to crops (45 million/per year in Ontario), structures, forests, and
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human hedth. It is bdieved that the naturd level of ozone in the clean troposphere is 10 to 15
parts-per-billion (ppb). Because of increasing concentrations of hydrocarbons and NO inthe atmosphere,
scientists have found that ozone levelsin "clean air" are now gpproximately 30 ppb. A principd activity of
atmospheric chemigtsisto study and determine how we might reverse this trend.

Calculating the FRED Photochemical Smog I ndicator

The FRED LCA system uses the Maximum Incrementa Reactivity (MIR) approach to calculate this
indicator. The MIR approach is based on the chemical composition of ar in 39 urban areasin the US,
which were modeled by keeping the light and VOC concentrations congtant and varying the NO,
concentration to achieve the maxima ozone production. (NO, isacatalys at low concentrations and an
inhibitor at high concentrations). MIR vaues are very useful, as they are valid anywhere on the globe.
However, they represent an upper bound of ozone production, and must be viewed in that light. Inmany
Northern cities, there is not enough light most of the year to produce the full amounts of ozone indicated
by the MIR reaults (Carter, 1998) For additiond informaion on the MIR dudy, see
http://www.cert.ucr.edu/~carter/bycarter.htm.

Photochemica smog potentid is caculated in the same way as globa warming, but subdituting in MIR
vaues.

Photochemical Smog Index (PS) = S; w; x MIR;, where

w; =weight of inventory flow i per functiona unit of product
MIR, = Maximum Incrementd Reectivity vaue for inventory flow i

The MIR study contains equivaency factors for avariety of chemicas, asdection of chemicas from the
study is presented in Exhibit 3-4.

Exhibit 3-4. Photochemical Smog Potential Equivalency Factors (Carter, 1998)

Substance MIR
wt ozone/ wt substance
Acetone 0.48
Benzene 10
Carbon Monoxide 0.07
Ethanol 1.92
Ethylene Glycol 2.65
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Formadehyde 9.12
Methanol 0.99
NMHC's 3.93
Phenol 1.86
Toluene 4.19

Example
Thefdlowing example uses L Cl data fromthe BEES motor ail study (listin Appendix A) to ca cul atethe photochemical
smog potentid for the various life cycle sages in the ail rerefining process.:

Substance | Transport of | MIR PSI Re-refined | MIR PSI Transport § MIR PSI Use MIR | PSI | Endof | MIR | PSI
Re-refined Qil of Re- Life
Oil for production refined Oil
Manufactur for Use
e
Benzene 8.79e-07 118.79e-07]4.03e-07 1§4.03e-07] 4.16e-06 1]4.16e-06 0 1 Y | 1 0
Carbon 1.15e-02 ]0.07]8.-04e-04]1.90e-01] 0.07]1.33e-02] 5.44e-02] 0.07] 3.81e-03 0] 0.07 0 0.07 0
Monoxide
Form 1.17e-05 ]9.12]1.07e-04]5.39e-06] 9.12§4.92e-05] 5.57e-05] 9.12] 5.08e-04 o] 9.12 OI 9.12 0
NMHCs 6.62e-03 |3.93]2.60e-02|1.28e-03| 3.93]5.02e-03] 3.13e-02] 3.93| 1.23e-01 0] 3.93 of 3.93 0
Subtotal 0.0269 0.0183 0.1277 0 0
Total for all LC stages: 0.1729 g equivalent
0zone
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Environmental Relevance

Met by
SO Criteria | Indicator Description

Consequence v All smog precursorsin the LCI are converted to amodeled MIR

Link scde by using the Empiricd Kinetic Modding Approach (EKMA)
and varying the levels of NO, and Reective Organic Gases
(ROG's) to obtain the highest incrementd reactivity. Thereisan
established link between NO, and ROG's in the atmosphere and
subsequent smog formation.

Environmentd v Does not account for actual ambient concentrations of NOx and

Condition and ROG'sin the atmosphere but rather uses averages from 39 citiesin

Intengty the U.S. to develop abase MIR modd. The intensity of the impact
can be congdered to be a maximum estimate because NO, and
ROG' s are held a levels to obtain the maximum incremental
reectivity. The MIR scale does consider the variation in potency of
different pollutants and the overdl potentid contribution of the
substances to smog by relating smog precursors dong the MIR
scae.

Spatid Condders the potentid for forming photochemica smog in ageneric

Aspects sense through use of the EKMA moded and average concentrations
of NOx and ROG’ s in the atmosphere but rather uses averages
from 39 citiesin the U.S. More Site-specific characterizations may
be preferred and are not captured by thisindicator.

Tempord Does not consider the tempord variations of smog production.

Aspects

Revershility Does not congder the reversibility of smog.

Uncertainty Uncertainty adjusted MIR vaues are available but were not used.
The authors of the MIR model recommend using the “best estimate”’
values for product categories.

Eutrophication

Background

Acceerated eutrophication is the reduction in water qudity caused by excess nutrient loading. Eutrophic
waters are rich in organisms and organic materials, in contrast to oligotrophic waters, which are
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characterized by clear water and low biologica productivity. The rate of eutrophication depends on
complex rdaionships between several factors induding water chemistry and depth, volume and inflow,
minera content of the surrounding watershed, and the biota of the lakeitsdf. Humanactivitiescanincrease
the rate of eutrophication through increased nutrient flows, higher temperatures, or other changes. While
increased productivity is sometimes beneficid, eutrophication often has undesirable results.

Accelerated eutrophication damages the aesthetic and recreationa water qudlities, as wdl as dtering
speciescomposition.. Water can become opaque with unpleasant taste and odors. This increased rate of
eutrophication can cause lakes and reservoirs that normaly might exist for centuriesto befilledinamatter
of decades. Under eutrophic condiitions, the dgae in the water sgnificantly block the light passage. Under
hypereutrophic conditions, the amount of biomass produced is so high that the dissolved oxygen in the
water isused up, leading to fish kills.

Eutrophication in marine waters is typicaly caused by the addition of fixed nitrogen, while fresh waters
usudly respond only to phosphorus inputs. The worldwide eutrophication of estuariesis believed to be the
cause of toxic agae blooms such as Pfisteria, and has aso been implicated in cholera epidemics on the
Indian sub-continent.

Calculating the FRED Eutrophication I ndicator

Exhibit 3-6 shows the substances which cause eutrophication and their related equivalency values. The
eutrophication index is essentidly the sum of dl eutrophication precursors expressed in the form of
phosphateion (PO,) equivaentsby multiplying the loading of eachwithitsrel ated equivaencyfactor. These
equivaencies are derived form the work of Redfield (1942), who discovered that aquatic biomass forms
with a Carbon to Nitrogen to Phosphorus (C:N:P) atomic ratio of 106:16:1.

Thetotal eutrophication index (El) for each aternative being assessed is caculated as follows:

Eutrophicetion Index = S; w; X EP,
w; =weght of inventory flow i per functiona unit of product
EP, = eutrophication potentia equivaency factor

=weight of PO, with the same potentid eutrophying effect as a unit weight of
inventory flow i
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Exhibit 3-5. Eutrophication Potential Equivalency Factors

Substanceto Air EP
wt PO,/ wt substance
Ammonia 0.33
Nitrates 0.42
NO 0.2
NO2 0.13
NOXx 0.13
Phosphate 1
Substance to Water Eutrophication Potential
g PO,/ g substance
COD 0.022
NH3 0.33
NH4+ 0.33
(Redfield, 1942)
Example

The following example uses LCI data from the BEES motor oil study (list in Appendix A) to caculate eutrophication

potentid for the various life cycle stagesin the ail rerefining process.:
Substance | Transport of | EUT EUTI Re-refined | EUT EUTI Transport | EUT EUTI Use EUT EUTI Endof |EUT | EUTI
Re-refined Oil of Re- Life
Oil for production refined Oil
Manufactur for Use
e
Ammonia 3.85e-04 .33]1.27e-04|8.67e-02] 0.33]2.86e-02]1.82e-03] 0.33] 6.01e-04 0] 0.33 0 0] 0.33 0
COD 2.22e-02 0.22]4.89e-03| 5.00e+0] 0.22] 1.10e+0(1.05e-01] 0.22] 2.32e-02 0] 0.22 0 0f 0.22 0
0 0
Nitrates 2.35e-08 0.42]9.87e-09]1.32e-06] 0.42|5.54e-071.11e-07] 0.42] 4.68e-08 0] 0.095 0 0f 0.09 0
5
Phosphates |0 1 0 0 1 0 0 1 0 0 1 0 0 1 0
Subtotal 0.0050 1.1333 0.0238 0 0
Total for all LC stages: 1.1621 g equivalent
PO4




Environmental Relevance

Met by
SO Criteria Indicator Description

Consequence v All eutrophication precursorsin the LCI are converted to biomass

Link equivaents usng the Redfidd Ratio. Thereis an established link
between nutrients in water bodies and subsequent eutrophication.

Environmentd Does not account for ambient concentrations of phosphate or

Condition and nitrogen in water bodies or the intengity of the eutrophication

Intengty effects to specific water bodies. Does consder the variation in
potency of different pollutants that contribute to eutrophication and
the overdl eutrophication potentia by rdating the pollutantsin
terms of Phogphate equivaents. This measure of eutrophication isa
worst-case estimate.

Spatiad Aspects Does not consider the spatia variations, locd or regiond, of
eutrophication.

Tempord Does not consder the tempord variations of eutrophication.

Aspects

Revershility Does not congder the reversibility of eutrophication.

Uncertainty Does not consder the uncertainty of eutrophication.

Human Toxicity

Background

Indudtrid systems often release substances into the environment which can have toxic effects on human
beings. In order for actua effectsto occur, exposure to the substance must occur, the substance must be
assmilated, and the recelved dose to the individua must exceed the body’ s ahility to detoxify it.

There are amulltiplicity of potentia toxic effectsof industrid and natural substances, ranging from transent
irritation to permanent disability and even death. Some substances have awide range of different effects,
and different individuas have awiddy varying tolerance to different substances. Findly, of the millions of
indudtrid chemicals, very few have been subjected to toxicologica evauation. All these factors make an
assessment of the human toxicity potentia of given substances difficult a best. When evauated on a life
cycle basis, evaduating their impact is even more problemtic.
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Nevertheless, because humantoxicityisared and important environmentd issue, the FRED L CA system
incorporated anindicator based on the recommendations of the Internationa Life Sciences Indtitute, which
suggested that dl life cyde human toxicity indicators be based on no observable adverse effects levds
(NOEL’s, NOAEL’s) or lowest observable effects levds (LOEL’s, LOAEL’S). In other words,
concentrations or doses of chemicds tested on humans or laboratoryanimals that caused no effect or

minimd effect. Generdly, the lower the NOAEL or LOAEL, the more toxic the chemica.

Calculating the FRED Human Toxicity | ndicator
The FRED methodology uses Environmental Defense Fund (EDF) Scorecard,

(http://www.scorecard.org) developed in conjunction with University of Cdifornia at Berkeley, as an
indicator of human toxicity. Thisindicator is actualy a pair of indicators, one for carcinogenic and one for

non-carcinogenic effects:

Human Toxicity Index = S; w; x TEP,

w; =waeght of inventory flow i per functiona unit of product
TEP, = toxic equivalency potentia
= (for carcinogens) weight of benzene with the same potentia
cancer-causing effect as aunit weight of inventory flow i
= (for non-carcinogens) weight of toluene with the same potentia
toxic effect as aunit weight of inventory flow i

Exhibit 3-6. Examples of Human Toxicity Potential Equivalency Factors

Substanceto Air TEP TEP
(carcinogens) (non-car cinogens)

wt Benzene/ wt substance | wt Toluene/ wt substance

Ammonia 3.2

Benzene 1 17

Formal dehyde 0.003 7

Lead 15 1,300,000

Phenalics 0 0.045

Substanceto

Water

Ammonia 0 0.041

(NH,+, NH; as N)

Benzene 0.99 11

Phenols 0.0038
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(EDF, 2000)

Example

Thefollowingexample uses L Cl airborne emissons datafromthe BEES motor oil study (list in Appendix A) tocaculate
the carcinogenic human toxicity potentid for the various life cycle agesin the ail rerefining process.:

Substance | Transport of | TEP HTI Re-refined | TEP HTI Transport | TEP HTI Use TEP HTI Endof | TEP HTI
Re-refined Qll of Re- Life
Oil for production refined Oil
Manufactur for Use
e
Ammonia 1.67e-08 0 0]2.95e-08 0 0§ 7.92e-08 0 0 0 0 0 0 0 0
Benzene 8.79e-07 1]8.79e-07]14.03e-07 1§4.03e-07§4.16e-06 1]14.16e-06 0 1 0 0 1 0
Formalde. 1.18e-05] 0.00]3.53e-08]5.40e-06| 0.00§1.62e-085.57e-05] 0.00] 1.67e-07 0] 0.003 0 0] 0.00 0
S 8 S S
Lead (Pb) 0 15 0 0 15 0 0 15 0 0 15 0 0 15 0
Phenolics 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Subtotal 9.14e-0 4.19e-0 4.33e-0 0 0
7 7 6
Total for all LC stages: 5.66e-0 g equivalent benzene
Environmental Relevance
Met by
SO Criteria Indicator Description
Consequence Link v Uses CALTOX mode to estimate media concentrations of
pollutants and to develop relative scores. Benzeneis used asthe
reference chemica for cancer affects and tolulene for non-cancer
effects. Does not condder specific human hedlth effects beyond the
broad categories and cancer and non-cancer effects.
Environmentd Does not consder ambient environmental (beyond that imbedded in
Condition and Intengty CALTOX), exposure conditions, or the intengity of human hedth
effectsfor chemica pollutants. Consders the relative toxicity of
cancer and non-cancer effects of chemicd pollutants to humans.
Spatia Aspects Does not consder the spatid variaions, usudly Ste-specific, in
release and exposure to populations.
Temporal Aspects v Congders the persstence and bioaccumulation of chemical
pollutants in the environment.
Revershility Does not congder the reversibility of human hedlth effects.
Uncertainty Does not congder the uncertainty of human hedlth effects.
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Ecological Toxicity

Background

Ecologicd impact indicators consider potential adverse effects on populations of aquatic or terrestrial
organisms. Therefore, the benchmarks used tend to address surviva of populations rather than single
organisms. Acuteand chronic NOAEL ’ sfor aguetic (invertebrates and fish), mammeian, and avianspecies
are considered.

The FRED Ecologicd Toxicity method includes measurements of relative hazard (toxicity factors or
benchmarks) and environmentd fate and transport (persistence and biomagnification factors). The
approachinvolvesthe following steps(other thanscreening and S gnificanceassessment steps (also seeflow
chart):

1. Identify aguatic and terrestrid benchmarks for both acute and chronic toxicity.

Asdgn chemicds a default benchmark if data are missng. The geometric mean of the available
benchmarks is used as the defaullt.

Normadize benchmarks within each category based on the geometric mean.

Sdect the maximum normalized benchmark as the toxicity factor.

Identify perdgstence factors for pertinent environmental media.

|dentify biomagnification factors.

Multiply toxicity, persstence, and biomagnificationfactors (TPB score) for each inventory flow within
each environmental medium.

Multiply TPB scores by the inventory mass per functiona unit.

9. Sumfactorsto derivetotd terrestrid and aguatic ecological toxicity impact indicator (ETI).

N ok~ w N

©

Determine the percentage of each ETI relaive to the total ETI and select inventory flows contributing 0.1%
(or auser-selected value) or more. Each of these steps areillustrated bel ow.

Step 1: Ecologica benchmarks have beenderived primarily for fish and aguatic life, mammals, birds, and
plants. Two broad categories of ecologica benchmarkswere sdected. Aquatic benchmarks may beused
to addressrel easesto water and terrestria benchmarks may be usedto addressreleasesto ar or land. The
LCy, was selected as one of the most commonly available acute benchmarks for aguatic life. In addition
to the LCy,, acute and chronic lowest observed effect concentrations (LOEC's) or no observed effect
concentrations (NOEC'’ ), and water qudity criteriaare avalable for many chemicals. Smilaly, LDsy'sand
the lowest chronic no observed effect levels (NOEL ' s) reported for mammalian and avian species were
selected to evaluate potential impactsto terrestrid species.
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Steps 2, 3 and 4: The geometric mean of each benchmark type is caculated from the available dataand
isused asthe default for missing values. Benchmarksare then normaized based on the geometric meanand
the highest normaized benchmark is sdlected as the toxicity factor for terrestrid and aguatic impacts.
Steps5and 6: ILS (1996), USEPA (1994a,b), and RTI (1993) include persistence factors. Generdly,
persstence factors are derived fromexpected environmentd hdf livesor fromresidencetimesas estimated
inmulti-media fugacity moddls (Mackay, 1991). Recommended persstence factors are those developed
INRTI (1993) and range from0.25t0 0.75. A default vaue of 0.5 for organic pollutantsindl mediaisused
and adefault value of 0.5 and 1 are used for metasin air and al other media, respectively.

ILSI (1996) does not include biomagnificationfactorsintheir methodology but USEPA (1997, 1994a) and
RTI (1993) do. It is recommended that pollutants be assigned to high, medium, or low categories to
represent biomagnification potentid. Biomagnification factors can be derived from K,,’s or reported
bioconcentrationfactors (BCF s) and bioaccumulationfactors (BAF ). Standard biomagnificationfactors
(low =1, medium = 2, and high =3) are assgned to each category. A default vaue of 1 is used.

Step 7: Toxidity, persistence, and biomagnification factors are multiplied to derive the TPB scorefor each
pollutant.

Steps 8, 9, and 10: Mass emission data per functiond unit is multiplied by the TPB score to derive the
ecologicd toxicity impact indicetor.

Standard risk assessment practice is to assume additivity when multiple chemicas are being evauated.
Smilarly, inthe LCIA, ecologica toxicity impact indicators for each pollutant are added to derive tota
scoresfor potentia impacts to receiving media. Pollutants contributing 0.1% (or a user-selected vaue) or
moreto the total ET1 would be flagged for further evauation.
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Calculating the FRED Ecological Toxicity Indicator

The ecologica toxicity equivaency vaues are based on the mode created by RTI for the Streamlined
LCA Mode Development and Demonstration Project (EPA, 1995) creates an equivaency value for
chemicas based on the persgstence, bioaccumulation and toxicity characterigtics it exhibitsin the
environment. The Ecologicad Toxicity Index (ECOI)for the product is derived using the following
equeation:

Ecologicd Toxicity Index (ECOI) = S; w; x ECO,

w; =weght of inventory flow i per functiona unit of product
ECO, = ecologicd toxicity equivaency potentid

Exhibit 3-8. Sample Ecological Toxicity Potential Equivalency Factors

Substanceto Air ECO
Benzene 14.6
Huorides 7.3
Formal dehyde 7.4
Hydrogen Chloride 11.0
Hydrogen FHuoride 11.0
Toluene 3.7
Vinyl Chloride 126.0
Xylenes (totd) 3.7
Substance to Water
Benzene 0.8
Hydrocarbons 17.0
Nitrates 5.7
Phenal 3.1
TCDD-2-3-7-8 6.1 E+7
Vinyl Chloride 17.0

(EPA, 1995)
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Example

The fallowing example uses L Cl datafromthe BEES motor ail study (listin Appendix A) to ca culateecol ogical toxicity

entid for the various life cycle sages in the ail re-refining process.:
Substance Transport of | ECO ECOl  JRe-refined | ECO ECOI Transport | ECO ECOI Use | ECO ECOI Endof |JECO | ECOI
Re-refined Qil of Re- Life
Qil for production refined Oil
Manufactur for Use
€
Benzene 8.79e-07] 14.6] 1.28e-05]4.03e-07] 14.6] 5.88e-06| 4.16e-06| 14.6 6.07e-05 0] 14.60 0 0] 14.6 0
0 0 0 0
Nitrates 1.04e-07] 5.67] 5.90e-07]5.83e-06] 5.67] 3.31e-05] 4.92e-07] 5.67 2.79e-06 0] 5.67 0 0] 5.67 0
Phenols 5.05e-05] 3.06] 1.55e-04]1.14e-02) 3.06] 3.49e-02] 2.39e-04] 3.06 7.33e-04 0] 3.06 0 0] 3.06 0
Formaldehyde] 1.18e-05] 7.38] 8.71e-05§5.40e-06) 7.38] 3.99e-05] 5.58e-05] 7.38 4.12e-04 0] 7.38 0 0] 7.38 0
Fluorides (F-) | 8.50e-15| 7.30§6.21e-14]4.03e-13] 7.30| 2.94e-12| 4.03e-14] 7.30] 2.94e-13 o] 7.30 0 o] 7.30 0
Subtotal 2.55e-04 3.50e-02 1.21e-03 0 0
Total for all LC stages: 0.0365
Environmental Relevance
Met by
ISO Criteria Indicator Description
Consequence Link v Uses established eco-toxicity benchmarks (PBT) known to
result in ecologica hedlth effects. Does not consider specific
ecologicd hedth effects beyond the broad category of
ecologicd toxicity.
Environmentd Does not consder ambient environmenta conditions. Uses
Condition and LCs0, LOEC's, NOEC's, LDgg's and the lowest chronic
Intengity NOEL s and acute and chronic water quaity criteria. Highest
normaized benchmark is selected as the toxicity factor for
terrestrial and aguatic impacts.
Spatid Aspects Does not consder the spatid variations, usudly site-specific,
in release and exposure to populations.
Temporal Aspects v Congders the pers stence and bioaccumulation of chemical
pollutants in the environment.
Revershility Does not consder the reversibility of ecologica effects.
Uncertainty Does not consider the uncertainty of ecologicd effects.
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Resour ce Depletion

Background

Resource depletion is related to the inputs of materids into the industrid system under study. Although
resource depletion isidentified as a Sngle environmenta issue for the purposes of environmentally
preferable purchasing, in fact, resource depletion is an umbrelaterm for severa sub-issues, which
callectively can be consdered to be of equa importance as al the remaining environmenta issues
related to emissions.

Resource depletion directly measures the sustainability of industria systems. If resources are being used
at or below their replacement rate, then their use does not affect the ability of future generationsto
maintain their quaity of life. An example of amaterid for which sustainable use of the resource has
been attained includes the use.

Biologicd resources have the potentid to be used sustainably aswell, and in some cases sustainable
forestry practices appear to have achieved thisided. However, many biologica resources have gone
the way of the passenger pigeon, as use rates exceeded the replacement rates.

In the US, land use patterns (also a resource depletion issue) are not typicaly considered to be
sugtainable. Agricultura practices typically lead to the loss of topsoil, and large and increasing
proportions of the land have become urbanized. Land useis of particular concern for bio-based
products, which typically use alarge land area to produce products equivaent to mineral-based
competitors.

Calculating the FRED Resource Depletion | ndicator

Resource depletion impact vaues can be presented as a single vaue or as subva ues that represent
each of the mgor types of resources being consumed. For the purposes of thisandyds, we are
presenting resource depletion impact vaues within the following subcategories:

*  mingrds

» fosl fuds

* wood

» land use (landfill, resource extraction area,)
e water use

These sub-categories represent the inherently different types of resources, and cannot be added
together to achieve asingle score.
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The FRED LCA system uses the LCSEA mode developed by Scientific Certification Systems (SCS)
and its partners, Soil and Water to ca culate the net resource depletion as a function of (1) the

materid’ srelaive rate of depletion and (2) the relative degree of the resource’ s recycling. The equation
for resource depletion is:

Resource Depletion Indicator (RD) = S; w; X RDF;

w; = weight or volume of inventory flow i per functiona unit of product
RDF; = resource depletion factor
= (Waste-Accretion)* T (Total Reserve-Current Reserve)
Tota Reserve + Recycling * T

where T istimein years, and Tota Reserve is the known maximum extent (i.e., amount exploited over
historical time plus current known, unexploited reserves). (See USGS, 1998)

For fossl fudl, thismode uses the 50 year time horizon to project use. (T = 50)
The table below contains a sample of depletion factors from the LCSEA modd.

Exhibit 3-9. Resour ce Depletion Factors

Resour ce RDF
Coa 0.08086
Natural Gas 4.812
Qil/Petroleum 1.35
Uranium 39

For net resources depleted (or accreted), the units of measure express the equivalent depletion (or
accretion) of the identified resource. All of the net resource caculations are based on the resource
depletion factors:

Indicator - Net Resource Unitsof Measure
Water equivaent cubic meters
Wood equivaent cubic meters
Foss| Fuds tons of ol equivaents
Non-Fud Oil and Gas tons of ol equivaents
Metds tons of (metd) equivaents
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Minerds tons of (minerd) equivdents
Land Area equivaent hectares
Example

Thefdlowingexampleuses L Cl datafromthe BEES motor ail study (listin Appendix A) to caculateresourcedepletion
potentid for the various life cycle stagesin the ail rerefining process.:

Substance | Transportof | EUT EUTI Re-refined | EUT EUTI Transport | EUT EUTI Use | EUT EUTI Endof |EUT | EUTI
Re-refined Oil of Re- Life
Qil for production refined Oil
Manufactur for Use
e
Coal 1.22e-04] 0.081]19.88e-06]6.89e-03] 0.081]5.58e-04]5.78e-04] 0.081]4.68e-05 0] 0.081 0] 0.081 0 0
Natural Gas 3.37e-04] 4.812]1.62e-03]1.28e-02] 4.812]6.17e-02]1.59e-03| 4.812]7.67e-03 0] 4.812 0] 4.812 0 0
Oil/Petroleum] 3.92e-03] 1.35]5.29e-03]2.03e-03} 1.35]2.74e-03]1.86e-02] 1.35]2.51e-02 0] 1.35 0 1.35 0 0
Uranium 0 39 0 0 39 0 0 39 0 0 39 0 39 0 0
Subtotal 0.007 0.065 0.033 0 0
Total for all LC stages: 0.164
Environmental Relevance
Met by
SO Criteria Indicator Description
Consequence Link v Models the physicd rate of resource consumption with respect
to available in-ground stock, available standing stock, and
accretion of stock. Does not differentiate whether recycled or
virgin resources are consumed.
Environmentd (74 Congders the reserves of resources in the ground, in standing
Condition and stock (e.g., buildings, bridges) aswell as the accretion of
Intengty resources through natura processes. The intendity of resource
depletion is captured by relating resource consumption to
available reserves and accretion.
Spatial Aspects v Resource depletion is typicaly thought of as aglobd issue, and
thisindicator is appropriate for that level of assessment. While
the modd can congder the spatid variations (nationa or
regiona or local) of resource depletion, FRED does not
requirethislevel of modding..
Temporal Aspects v Condgdersthe rate of resource depletion from known reserves.
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Revershbility v Does congder the reversihility of resource depletion through
explicit congderation of recydling.

Uncertainty Does not consider the uncertainty of resource depletion.

Other Issues Regarding the FRED Environmental Component

The environmentd impact categories, indicators and models chosen to represent the potential for
environmenta impact are by no means definitive; there are many other modds and systems available for
use. The models chosen for FRED use globally-based data, whereas there are many models, both in
existence and under development, which incorporate regiona and localized data. These models better
gpproximate the environmentad impact in a given area. The designers of FRED consider impact model
selection to be an iterative process. As the science and the data supporting the science devel ops, newer,
more environmentaly relevant modes will gradudly replace the current models. The case study below
illustrates the development that is necessary for trangtion to more environmentaly relevant models.

Case Study for Meeting 1 SO14042 Requirementsfor Environmental Relevance: Photochemical Smog

Photochemical smog is an environmental condition that causes aesthetic, human and ecological health
damagesprimarily at loca and regiond scales. The most relevant measure of the effect of VOC’ sonsmog
formationwould be the actual change insmogformationin a specific airshed that results from changing the
emission of specific VOC'sin that airshed (Carter, 1994). The indicator used in the FRED LCA system
for smog formation is the Maximum Incrementa Reectivity (MIR) scale developed by Carter (1994) for
use by the Cdifornia Air Resources Board (CARB) for regulatory applications.

Because amog formation is highly dependent on environmenta conditions, especidly the sunlight and the
presence of NO, inthe airshed, the concept of the MIR scae oversmplifies the complexities of the effects
of VOC'’s on smog formation as wdl as its variation between locdes and seasons. The MIR scde
cdculates ahility of VOC'sto yield ozone under optimum conditions, and does not meet many of the 1ISO
14042 requirementsfor environmenta relevance. How could photochemica smog be modeled to be more
consstent with the 1SO 14042 requirements for environmenta relevance?

Some recommendations for improving the photochemical smogindicator inthe context of the environmental
relevance requirements are highlighted below:

Consequence Link - Thereisadready awdl-established link between VOC' s and the presence of NO,
inairshedsthat leadtotheformation of ground level ozone, and between ozone concentrations and damage
to human hedth and the environment. No improvement is needed to satify this criteria

Environmental Condition and Intensity - Ozone affects different endpointsat different levels. Naturd
background levels of ozone are about 25 ppbv, while crop damage has been observed at 40 ppbv and
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human hedlth effects at 80 ppbv (the standard for the U.S.). In Europe, the god is to achieve ozone
concentrations whichdo not exceed 60 ppbv. The MIR scae was devel oped usng average concentrations
of NO, and ROG'’s in the atmosphere and thus represents ageneric and hypothetical airshed. To improve
upon the use of a generic airshed, data from the airsheds for different cities (many aready collected to
developthe MIR scale) could be used to mode conditions for ozone formation in specific cities, including
the expected concentrations of ozone at different times of the day and of the year. The intensity of the ozone
effect would thenmore closdly related to actua conditions withina specific locd rather that usng maximum
MIR vaues. Improving the environmenta and intensity criteriawould requiremore detail in the LCl about
where emissons of VOC's and NO, are occurring as well as airshed data for the location.

A smpler gpproach would be to evaduate the data on ozone concentration gathered in various airsheds,
and use this informationto modulate the MIR results. For example, one can calculate the number of days
per year that the ozone concentration exceeds 40, 60 or 80 ppbv, and proportionate the MIR results
according to this Ste-specific information.

Spatial Aspects - The MIR scaleis developed usng EKMA mode and average concentrations of NO,
and ROG'sinairshedsfrom39 citiesin the U.S. To improve the spatial aspects, the EKMA could berun
usng site-gpecific (and disaggregated) concentrations of NO, and ROG's in pecific locales. Improving
the spatid criteriawould require more detall in the LCI about where emissons of VOC's and NO, are
occurring.

Temporal Aspects - The MIR scde does consider the temporal aspects of ozone formation that it
cdculaesthe totd amount of ozone generated during the amaospheric lifetime of the VOC' s. One way to
incorporate additional temporal aspectsinto thisindicator would be consider the lengthof the 0zone season.
Ozone season datais collected and available for different locations.

Reversbility - Ozone causes many kinds of damage, some reversble and some not. Some examples
indude decreased crop productivity, eyeirritation and in severe cases, permanent damage to lungs and
other tissues, possibly leading to carcinogenic effects. The effects of infrequent and low-level exposure and
can be reversed when ozone concentrations drop.

Uncertainty - Uncertainty adjusted MIR vauesare avalable but were not used for thisindicator because
the authors of the MIR scale recommend using the* best estimate” vauesfor eva uating product categories.
Uncertainty adjusted vaues may be used. The uncertainty of the effects of ozone on humans, animas and
plants are not well characterized.

Similar kinds of assessments canbe performed to yield more environmentally relevant indicators for each
of the impact categories. FRED can be considered to be a basdine methodology for achieving indicators
for the purpose of environmentally preferable purchasing. More sophisticated indicators may be desirable
in some cases.
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Chapter 4 — Presentation and Interpretation of the Indicator Results

Overview

Thefirgt three steps of the FRED LCA system yidd the results associated with eight environmentd and
human health indicators for each product. The purpose of this chapter is to outline approaches for
presentation of the indicator results, weighting among indicators, rdative weights development methods,
and linking of the life cycleindicator results with technicd and cost information. The dements in this step
relate closdy to the optiona eements of life cycle impact assessment, and interpretation phase of LCA.
The reader should reference | SO 14042 (optiona eements sections) and | SO 14043 (interpretation) for
more specific information.

Because of the primary focus of this project was to outline the overdl FRED framework and develop
indicators, this step is presented more as possible options for congderation. Additiona research will focus
on examining and testing options for presentation and interpretation.

Presentation of Indicator Results

Decisgon-making can be greetly enhanced by effective presentation of the results. Although the numerica
results may provide the detailed informetion for each variable that contributes to a decison, graphical
presentation dlows for the visud summation of the results, and their comparisonto Smilar data-sets of the
other dternatives being evaluated. Graphica presentation alows for easier interpretation and consistency
in decison making, especidly by non-expert decison makers. Severd different methods can be used to
present the numerica results of a study, and different types of graphs canfacilitate different aspectsof the
decison.
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Exhibit 4-1. Graphical Presentation of Results

Exhibit 4-1 isjust one example of a presentation format that can be used for environmenta performance
evauationof products. Therdativeindicatorsof the system/product are presented grgphicaly as compared
to abasdine case (whichcanbe one of the products being compared, or the product currently used in that
function, if dataisreadily avallable for that product). The figureonthe left in Exhibit 4-1 shows the method
of trandating and consolidating indicators to a common measure. The figure on the right in Exhibit 4-1
showsthe next step that comparestheseindicatorsto abasdine (i.e. current product) inasample graphical
output. Thistype of output alows direct graphica comparison of the environmental performance severa
productswithin each of the indicators. Alternative products canbe compared ineachindicator ‘ dimenson’
individually. The product that may perform best can then be selected. Another method of presenting the
results is to create an “environmenta footprint” of the product, where the results of dl the relevant
indicators for the product are presented in one graphic. The “footprint” grgphic may be a bar-diagram
where each bar represents
an indicator, a spider-web Spider-Web Footprint
diagram (see Exhibit 4-2),
where each spoke is an
indicator, or other ways of
grgphicaly conveying the
performance of the product
dong the dimensons of
comparison.

@ Baseline @ Product A O Product B
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Exhibit 4-2. Spider-Web Footprint Display of Results

It should be noted, that since different units of measurement are used to measure the performance of the
productsfor eachindicator (e.g., areaof land, ethylene equivaents, CO, equivaents, etc.) it will be difficult
tocreate afootprint if the performance leves dong the different indicators are left inthalr respective origind
units of measurement. To alow for meaningful representation of the environmenta performance of the
footprintsof the products compared, a‘ basdling vaue should be assigned for eachindicator, and assgned
to represent the 100% graph point, so that the indicator values for other products are represented as
compared to that. A meaningful way of assgning basdine vauesis to usethe performance leves of exising
product in use as abasdline, or to select the highest vaue for each indicator category from the collective
vaues of dl products being compared, and assigning that performance asthe 100% levd. In this manner,
the lower the vaues that a product has in its “footprint”, the better its environmenta performance. The
spider-web footprint is one graphica representation. Thefallowing rectangle, Exhibit 4-3, presentsanother
example of “footprint” graphica representations that may be applied. Other representations may be equaly
ingructive in the decison making process.

Rectangle Cut-out Footprint

) 150
k=
I 100
8
- 50
(@]
X 0

@ Baseline |100{100/100{100{100{100{100{100

B ProductA |42 |73 | 35|77 |64 |98 | 75 | 56

OProductB |30 |64 | 35|70 |24 | 20 | 63 | 37
Indicators

Exhibit 4-3. Rectangle Cut-Out Footprint
Weighting Among Indicators

In some cases, the presentation of the indicator results aone often provides information sufficient for
decison making, particularly when the results are straight forward or obvious. For example:
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*  When the best-performing system/product among the dternatives studied is dgnificantly and
meaningfully better than the others in at least one indicator, and no-better-or-worse than any of the
other products in dl remaningindicators (as would be the case when there are overlapping error-bar
rangesintroduced by data variability and uncertainty). Then, onesystem isclearly performing better,
hence any reaive weighing of the indicators results would not change it srank asfirst preference. The
decison can be made without the weighting step.

*  When the uncertainty and variability ranges (error bars) for the indicator results are larger than the
differencesinindicator vauesamong the compared systems/products, thentheresultsareinconclusive
and adding a weighting step will not change that fact. Also, there is uncertainty introduced in the
indicator-modding step of the comparison. This additional uncertainty may render the andysis
incondusve if there are amadl differences among inventory data that are meaningful. Hence there are
two types or results where the environmental comparison can not demondtrate enough differentiation
to select one product, and the decision could be based soldly on technical and cost considerations.

*  Whentherearetrade-offsinthe environmenta performance of two systems, then there may be vaue
in performing the weighting Sep.

Weghting is the process of converting indicator results by usng numerical factors based upon vaue
judgements. The primary objective of weighting is to integrate information on indicator results with
stakeholder vauesto establish the relaive sgnificance of the indicators of the studied system. Stakehol der
vaues(multipliersfor the rdative importance that stakehol ders have assigned to an indicator) are oftenthe
bas's for those numericd factors. The challenge is how to adequately capture and express the full
range of stakeholders' values when the numerical factors are determined.. These chdlenges have
been recognized and discussed in the international LCA community as part of the SO efforts, SETAC,
and government publications (RTI, 1995, SETAC 1992, SETAC 1998).

Severa issues exid that make weighting a challenge. The first issue is subjectivity. According to 1SO
14042, any judgement of preferability is a subjective judgement regarding the relative importance of one
indicator over another. Additiondly, these va ue judgements may change withlocationor time of year. For
example, a federa procurement officid located in Los Angeles, CA, may place more importance on the
vaues for photochemica smogthanwould a procurement officia located in Cheyenne, WY . The second
issue is derived from the first: how should FRED users farly and consistently make decisions based on
environmenta preferability, given the subjective nature of weghting?

Developing atruly objective (or universaly agreeable) set of weightsor weighting methodsis not feasible.
However, saverd gpproaches to weighting do exist and are in fact used successfully for decisonmaking.
Some of those approaches that are gpplicable to the FRED L CA application are described below. For
amore detailed discussion on weighting approaches see RTI (1995) and SETAC (1992). The following
approaches can provide ideas on how to incorporate the views of stakehol derswho will be affected by the
outcome of adecison, aswell as providing a systematic process to determine those numerica factors.
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Relative Weights Development M ethods for the Weighting Step

Several methods existo deriverdaive weightsfor indicators. Further description of the techniques outlined
below as well as other techniques see RTI (1995).

Adopt an Existing Weighting Scheme

One way to derive reative weights for a vauation is to adopt an exiding scheme. Such a scheme was
developed by the U.S. EPA Science Advisory Board in 1990. However, caution should be used in
aoplying pre-devel oped weighting schemes, as they can become dated as environmental science and
understanding progresses, and a so these tend to accommodate globa priorities as more significant than
locd environmentd priorities, which may aso vary dgnificantly from one region to another, based on
multiple varigbles such as availability of water, availability of landfill space, loca atmospheric conditions,
population density, etc.

TheU.S. EPA’ sScienceAdvisory Board (SAB) report Reducing Risk: Setting Prioritiesand Strategies
for Environmental Protection (EPA, 1990) provides some useful suggestions that help in assigning
rel ative importance to environmentd attributes of aproduct. The EPA determined thet its Environmentally
Preferable Products (EPP) Guideine will utilize and possibly build upon the SAB results in evauating
products (EPA, 1995).

Additionaly, Harvard conducted a study in 1992, which can be used to establish the relative importance
of indicators.

Analytic Hierarchy Process (AHP)

The Andytic Hierarchy Process (AHP) is a multi-criteria decison-making methodology that enables
consderation of extensve sets of dissmilar quditative and quantitetive criteriain making adecison. AHP
juxtaposesthe quditiesand features of the options with the relative importance of the evauationcriteriato
derive an aggregate measure of performance. This andyss is based on a stettificaly defensble
mathematica agorithm, adding credibility to the ranking. The method canhandle large numbers of criteria,
arranged on asmpleleve, or resolved on hierarchicd levels.

AHP isbased onthe concept that assigning rel ative importance can be done more accurately and religbly
by usng comparisons among competing issues rather than by usng an arbitrary vauation scae. The
amplest and most reliable basis of comparisonbeing that of apair, in AHP relative weights are devel oped
usngexhaudtive pai rwisecompari Sons among competing i ssues. The derivationof raive weightsis based
ondgmple matrix agebra (RWS, 1990). AHP aso provides a mathematica measure of data consistency,
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gving usersfeedback onthe qudity of judgmentd information. AHP supports consstency injudgmentsby
making use of a common comparison vocabulary and framework.

There is software available that alows the performance of the AHP caculations required to develop the
relaive weights and ranking (ExpertChoice™), that greatly smplifies the task for the user, to the level of
providing feedback to the software asto the perceived rdative importance of the attributes compared, two
at-atime.

Modified Delphi Technique

The Ddphi Technigue is a procedure origindly developed by the Rand Corporation for diating and
processing the opinions of a group of experts knowledgeable in the various areas involved. The Delphi
Technique addresses the need to structure a group communication process to obtain a useful result for a
givenobjective. In essence, the Delphi Technique attempts to create a structured format to didt collective
knowledge.

In response to a number of shortcomings associated withthe Ddphi Technique (see Linstone and Turoff,

1975), a modified Delphi technique has been developed. This modified Delphi technique provides a
systematic and controlled process of queuing and aggregeating the judgments of group membersand stresses
iteration with feedback to arrive a a convergent consensus.

The weighting procedure can be smply employed. A deck of cardsis given to each person participating
in the weighting. In this example each card names a different technica specidty. Each of the participants
is then asked to rank the technical specidties according to ther reative importance to explaining changes
in the environment that would result from a particular system. Then eachindividua is asked to review the
lig and make pairwise comparisons between technica specidties, beginning with the most important
specidty. The most important technical speciaty is compared with the next important speciaty by each
individud, and the second technical speciaty with repect to thefirgt.

To accomplish the second part of this technique (i.e., to rank attributes within atechnical specidty), each
participant or group independently ranks attributesinhisor her own specidty. The information from these
pai rwisecomparisons canthen be used to cdculate the rd ative importance of each of these specidty aress;
afixed number of points(e.g., 1,000) is distributed among the technica speciaties according to individud
relative importance.

After the weights are cdculated from the first round of this procedure, the information about the relative
weightsis presented again to the experts, a discussion of the weights ensues, and a second round of pair-
wise comparisons is made. The process is repeated until the results become rdaively stable in successve
rounds.
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Decision Analysis Using Multi-Attribute Utility Theory (MAUT)

Smply stated, decison analysisis a method that breaks down complex decisions invalving multiple issues
into condtituent parts or individua attributes to provide a better understanding of the main factors guiding
the decison. Decison andyss usng MAUT is ussful when deciding between largdy different types of
condderations. In addition, it provides alogica structure for andyzing complex weighting issues.

Thefirst step in decison andysisisto identify dl important objectives and attributes. While this step may
seemobvious, it is necessary to ensure that the valuation focuses onthe right problem. The objectivesand
attributes of the decisionat hand may be identified by using tools such as anobjectiveshierarchy (K eeney
and Raiffa, 1976). Whether the objectives and attributes are determined through a top-down or bottom-up
gpproach, thefind set of atributes should have certain characterigtics. An overal objective would be at
the top and a comprehensive set of issue-specific objectives are then derived that are consistent with the
overdl objective. Findly, attributes that are meaningful, measurable, and predictable are derived for each
specific objective. According to Keeney and Raiffa (1976), who describe the entire MAUT process in
detail, the set of attributes should be:

* comprehensive,

» asgmdl aspossblein number,
* non-overlgpping,

e judgmentaly independent, and
e Operdiond.

Linking FRED L CA with Technical Performance and Total Owner ship Cost

Aswas mentioned in Chapter 1, the goal of FRED isto gpply L CA inanoveral formework for examining
the environmenta perferability of a product syslem. FRED aso provides the foundation for linking the life
cydeindicator resultswithcong derationto technica and economic factorsfor decisonmakers. Tothisend,
environmental, economic and technical feasibility aspects of the project are examined. A variety of
approaches can be used to assist in the decision making process. One such approach is described here.
The ranking can be performed with a variety of approaches. One such approach is Andytic Hierarchy
Process method as described previoudy in this chapter. The ranking produced will pinpoint at the most
appropriate option, considering al aspects of product development, use, and disposa (see Exhibit 4-4).



Exhibit 4-4. Examples of Ranking within FRED

Basdline Option1l | Option2 | Option3 | Option 4
Environmenta Performance Medium Low High Medium Low
Cost Low Medium Medium Low Medium
Technica Feashility High Low Low Medium High

Summary

Aswedescribed exlier inthis reference guide, Step 4 isdill under development. However, certain findings
from the pilot projects and development of the eight life-cycle indicators occurred. First, presentation of
resultsin graphic formats facilitates the understanding and interpretation of the indicator results. Graphic

presentationalowsfor easier interpretationand cons stency indecisionmeking, especidly for non-experts.

Second, weighting among indicators is not dways necessary. Depending upon the indicator results, the
differences may be straightforward and obvious. In those cases, weighting would not be necessary. The
advantage is tha in these instances the subjective nature of weighting is eiminating and the informéation is

presented more objectively.
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Chapter 5 - Conclusions

FRED, the Framework for Responsible Environmental Decison-Making, introduces a decision meking
framework for achieving a baance among price, technica performance, and environmentd preferability.
This guidance document focuses on developing an gpproach for quantifying a product’s environmental
performance. In conducting three pilot tests to refine and validate the application of LCA, severa
conclusons were reached. These conclusions and recommendations onthe next steps are presented here.

Conclusions Regarding FRED

The decison making framework introduced in this reference guide has been specifically developed to
fadilitate the incluson of environmenta preferability in the procurement process. In terms of meeting this
objective, the following observations and conclusions have been drawn.

e Asnoted in the EPP draft guidance, environmentaly preferable procurement depends on balancing
environmental preferability, price, and performance.

e Lifecyde assessments are a comprehensve, practical and far method for measuring environmenta
preferability.

e Obtaining qudity life cycle inventory datais critical to making an accurate assessment.

e The*“greening government” requirements of Executive Order 13101 can bemet by goplying the FRED
LCA sysem.

The impact assessment approach outlined in FRED helpsto further define impact criteria and move the
practicetoward amore consstent appraoch. Currently, the selection of criteriain LCIA may sgnificantly
influence the outcome of the assessment by under-emphasizing potential impacts. For example, globa
warming is evauated as a Sngle category while human hedlth is sub-divided into cancer and non-cancer
impacts. Depending on how interpretation is conducted, the number of categorieswill influencetheresults.
While the complexity of attempting to identify al impact consderations was beyond the scope of this
amplified LCA study, it serves to illugtrate the need for further development of impact categories and
criteriain order for LCIA to have a congstent foundation that is accepted globally.

Conclusions Regar ding the FRED Environmental Component (i.e. the FRED LCA System)

As explained earlier in this document, a cradle-to-grave, multi-media Life Cycle Assessment (LCA)
methodology is applied within FRED to measure environmentd preferability of products and services. This
gpplicationof L CA focusesdata collection by first identifying the product type, and the impact categories
and indicators being assessed, and then determining the specific, associated data needs, greatly focusing
the LCA gpplication and sgnificantly increasing the efficiency of the andyss.
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Asareault of thiseffort, the FRED L CA systemwas demonstrated to be afeasble approachto supporting
Environmentaly Preferable Purchasing (EPP) decison-making. While the find choice between product
dternatives, that is deciding which is"better," isleft to the find decison-maker, this research study has
taken the firg steps to providing scentific input to the decision-making process. Federa government
agencies can improve the ability for FRED-LCA to function as a tool for evauating environmenta

preferability by:

e Allowingvendorsto provide LCA inventory data or LCA indicator results to procurement officdsin
order to facilitate comparisons of different products usng the FRED-LCA system. In particular,
development of Site-specific dataover the entirevendor chain will permit the development of indicators
with a high degree of environmenta relevance.

*  Developing agency-specific data gathering tools and databases. This will lead to more uniformity inthe
data utilized in EPP evauations.

e Udng FRED-L CA inother pilot EPPprojects. The more experienceis gathered with FRED, the better
the ultimate results of the analys's, and consequently the more informed the decison-making.

» Usng FRED LCA to support other decison-making activities besides facilitating procurement
selections. For example, FRED LCA could possibly be used to track and monitor an organization's
environmenta performance, identify opportunitiesfor processimprovements, andidentify environmenta
aspects, as defined by SO 14001. These possible additional usesof FRED LCA were not explored
in developing this reference guide and thus il require vaidation.

L essons L earned Regarding the Pilot Projects

To assg in refining the applicationof Life Cycle Assessment (LCA) within FRED (i.e,, referred to asthe
FRED LCA sysem) , three LCA pilot projects were conducted to evauate the process as wel as the
output. Theseincluded pilot projects onmotor ail, wall insulation, and asphalt coatings. Specific information
regarding the scope, data, and findings from these pilot projectsislocated in Appendices A, B, and C to
this report. Conclusions from these pilot projectsregarding the application of LCA within FRED include:

e The FRED LCA system can be performed in a much shorter time period than is typical for a more
detailed LCA dudy. This, more practica duration for procurement decisions, is achieved through the
focusing of data collection needs and smplified impact assessment.

* Processand gtespecific data can most readily be collected fromthe participating product vendor and
suppliers/customersinteracting directly withthe vendor. Other contributing organizations further up and
down the vendor chain (such as raw materia suppliers and energy providers) are more likely to be
derived form industry averaged data sets.

e Asdemondrated by the pilot projects, data collectionfor the gpplicationof LCA within FRED can be
accomplished by a amdl business'vendor. The smplified LCA gpplication within FRED focuses the
data collection needs to the point that even a smdler 9ze business can fufill the data needs without
being overly burdened.

Next Steps
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Thisreference guidefocuses soldy on providing direction for gpplying LCA within FRED to comparethe
environmentd preferability of competing products. Guidance will be needed on the methodol ogies used
within FRED to evauate cost (e.g., total ownership cost) and performance (i.e., usang system functiona
andysswithinthe L CA scope and goal definitionstep to measure the ability of competing productsto meet
technica requirements). Additiona FRED reference guidance will focus on evaduating the tradeoffs among
each sdection criteria. Next steps to be taken in facilitating the gpplication of FRED to the procurement
process include:

Providing detailed guidance on the leve of data qudity characteristics required to support public
procurement decisons of various levels.

Developing the totd ownership cost and technica performance evauation component of FRED.
Deveoping models of environmental impact that accomodate more site-specific information and
therefore better fulfill the ISO requirements for environmentaly relevant indicators.

Devedoping additiona impact indicatorsfor land use. Thiswill beespecidly important for ng bio-
based products.

Deveoping guidance on how to report the combined environment, cost, and performance results from
FRED.

Deveoping ausersguide, possibly asoftwarebasedtool to collect, evaluate, and interpret procurement
data

Creating incentives (e.g., regulaory, contractua, voluntary, etc.) for vendors and other organizations
to provide product-specific datafor usein FRED.

Conducting additiond pilot projects to vdidate FRED’s applicability to the procurement decision
making process. Three pilot projects were conducted in developing this FRED L CA systemreference
guide. These pilot projects were used to refine the choice of environmenta and human health impact
models to be included in FRED as well as to vdidate the impact indicator results. In the future,
additiona pilot projects will be needed to validate the other components of FRED (cost and
performance) as well as to develop the trade-off andysis within FRED.
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Appendix

As part of the effort to apply LCA asatool for environmental preferable purchasing within FRED,
three pilots were undertaken to test how best to perform the FRED LCA system in order to make it:

Easy to use

Yield resultsin atimely manner

Meet the needs of procurement officials and vendors

Conform, as much as possible, to the requirements of DIS 14042 for comparative assertions
Support the needs of the EPP program

Support the needs of the Nationa Ingtitute of Standards and Technology (NIST) initsgoas
relating to the Technology Transfer Act.

w W W W W W

Two of those pilots (found in Appendix A - Motor Oil and Appendix B - Wall Insulation) were
based on the inventory data sets collected by the National Ingtitute of Standards and Technology’s
Building for Environmental and Economic Sustainability (BEES) program. The third pilot (found
in Appendix C - Asphalt Coating) was based on original data collection from a small vendor.

The first two pilots, derived from existing BEES life cycle inventory data, were used primarily in
eva uating among environment and human health impact indicator models for inclusion in the
FRED LCA system. The third pilot, which used predominately original data, was utilized to
evaluate the resource requirements for a vendor to provide data for the FRED LCA system as well
as to develop an approach to evaluating results from the FRED LCA system. Pursuant to these
dightly different goals, the sections on interpretation of results and conclusions for the first two
pilots are not as detailed as reported in the third pilot.



Appendix A: Motor Oil Case Study

Goal and Scope Definition
Goal

The godl of this study was to determine the feasibility of evaluating the environmental performance
of three different types of motor oil by using the FRED LCA system. The three types of ail
evaluated were virgin oil, rerefined oil and bio-based oil.

I ntended Applications and Audiences

The LCA itsdlf was intended to be used to support a comparative assertion of environmental
superiority of aproduct over a competing product in the context of the Federal requirement for
environmentally preferable purchasing. Audiences include purchasing agents as well as other
federal and state officials. An ancillary use of the study is to support efforts towards environmental
improvement.

Scope

Description of the Product

Motor ail is used to cool the engine and reduce friction. Historically, motor oil was created by
extracting and refining crude oil. Due to technological advances, two aternativesto virgin oil are
now commercially available: rerefined oil and “bio-based” oil. Rerefined oil is essentially used
oil that has undergone the refining process a second time, with additives to remove impurities.
Bio-based ail is an al-vegetable (in the case of this pilot project, soybean), highly biodegradable
oil that performs comparably to petroleum-based ails.

System Function and Functional Unit

The function provided by the aternative products is automobile engine protection and lubrication
for 3,000 mile without viscosity breakdown. The functional unit is one quart,10\W30 motor oil.

System Boundaries

Datafor al three products came from secondary sources according to the contractor for BEES.
Virgin and refined oil data came from petroleum associations representing 90 % of manufacturers.
Bio-based data was derived from an average of 14 states. Upstream materials and energy use data
came from national sources. All dataislessthan 10 yearsold. The flow charts below identify the
systems under study.
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Figure 1: Virgin Motor Oil Process Flow Diagram
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Figure 2: Rerefined Oil Process Flow Diagram
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Figure 3: Bio-Based Oil Process Flow Diagram

Truck
Transport

Bio-based Oil

Ship
Transport

Train
Transport

g1 quart.of Bio » End-of-Life
oil
A
o Train
Bio Qil Transport
Production (Bio Oil)
/Y
Ship
Transport
(Bio Oil)
Soy Bean
Production Truck
Transport
t (Bio Oil)
Electricity
Production




Data Gathering

The entire data gathering exercise for this project involved extracting data from the BEES
database. According to NIST, the BEES database includes both primary data as well as industry

average data.

Allocation

All allocation of emissions and resource use was performed based on a mass basis. Thiswas
required for the production and transportation inventory results, but not for other inventory data

I mpact Assessment

Impact assessment was performed using the FRED indicators, as described in the body of this
work. The assignment of inventory data to impact categories is shown in the table below.

Table 1 Assignment of Inventory Resultsto Impact Categories

Inventory Result

Impact Category

Justification

Fossil Fuels and Uranium

Resource Depletion

Although Uranium is not truly afossil
fuel, itis"used up" in aprecisely
comparable fashion

CO,, N,0, Methane

Global Warming

These are important greenhouse gases
which do not participate to agreat extent
in other impact categories

CcO

Human Toxicity
Photochemical Smog Global
Warming;

CO isahuman and animal toxicant, as
well as a precursor to ozone formation
and a greenhouse gas. It can participatein
the first two of these environmental
mechanisms without losing its potency
for the others.

CFC's, HCFC's, Halons

Global Warming 100%
Stratospheric Ozone
Depletion 100%

These substances participate fully in both
of these parallel environmental
mechanisms

%2,

Acidification 100%

Although SO2 contributesto visibility
deterioration, and human health effects
through the formation of Particulate
Matter, these environmental mechanisms
are not addressed by FRED.

HCI, HF

Acidification 100%
Human Health 100%

These acid gases have minor human
health effects as well as contributing to
acidification. It was thought that double
counting would not significantly skew
results.

Toxic Air and Water Emissions

Human Toxicity 100%
Ecotoxicity 100%

Since it was not possible to evaluate the
partitioning of these substances, they
were double counted so as not to
underestimate their impacts.

A-6




Inventory Result Impact Category Justification
NOx Acidification 100% Since FRED does not currently evaluate
Eutrophication 100% the fate and transport of NOX, this
emission was doubl e counted.

VOC's, ROG's Photochemical Smog These are the essential precursorsto
photochemically produced ozone.
Although some of them are also toxic,
unspeciated data does not permit atoxic
evaluation.

NH, Eutrophication (water Although NH4 is not an acid gas, it

emissions); acidification (air undergoes changesin the soil leading to
Emissions) acidification effects.

PO, Eutrophication 100% Phosphate does not participate in any
other environmental mechanism
described by the FRED methodology

Inventory

The table below shows the summary inventory for the three products compared. A full inventory
by life cycle stage can be found in Tables 7, 8 and 9.

Table 2 Summary Inventory

LCI Totals

Article Units  [Virgin Re-refined Bio

(r) Coa (in ground) kg 3.6e-02 7.6e-03| 2.2e-02
(r) Limestone (CaCQ3, in ground) kg 6.8e-03 14e-03| 4.1e-03
() Natural Gas (in ground) kg 9.8e-02 15e-02| 5.4e-02
(n) Qil (in ground) kg 9.1e-01 2.5e-02| 4.6e-02
(r) Perlite (SIO2, ore) kg 3.2e-04 2.1e-04| 8.9e-06
(r) Phosphate Rock (in ground) kg 0.0e+00 0.0e+t00| 5.5e-02
(r) Potash (K20, in ground) kg 0.0e+00 0.0e+t00| 3.2e-02
(r) Uranium (U, ore) kg 8.5e-07 1.8e-07| 6.9e-07
Used Qil kg 0.0e+00 8.6e-01| 0.0e+00
Water Used (total) liter 1.3e-01 3.6e-03| 5.9e+02
(a) Aldehydes g 1.1e-04 24e-05| 2.9e-04
(& Ammonia (NH3) g 2.3e-07 1.3e-07| 1.6e01
(a) Benzene g 2.0e-04 5.5e-06| 8.8e-06
(a) Carbon Dioxide (CO2, biomass) g 0.0e+00 0.0e+00| -2.5e+03
(a) Carbon Dioxide (CO2, fossil) g 6.1e+02 3.2e+02| 3.4e+02
(a) Carbon Monoxide (CO) g 4.6e-01 2.6e-01| 5.8e-01
(@) Fluorides (F-) g 2.6e-12 45e-13| 4.6e-03
(a) Formaldehyde g 2.7e-03 7.3e-05| 1.2e-04
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LCI Totals

Article Units |Virgin Re-refined Bio

(a) Hydrocarbons (except methane) g 1.7e-01 3.9e-02| 1.8e+00
(a) Hydrocarbons (unspecified) g 1.5e+00 8.9e-01| 4.8e-01
(a) Hydrogen Chloride (HCI) g 1.9e-02 4.1e-03| 1.0e-02
(a) Hydrogen Fluoride (HF) g 2.4e-03 5.1e-04| 1.2e-03
(a) Hydrogen Sulfide (H2S) g 6.0e-03 1.8e-04| 3.0e-04
(a) Metals (unspecified) g 2.4e-04 9.0e-05| 6.7e-06
(a) Methane (CH4) g 1.1e+00 15e-01| 4.6e-01
(a) Nitrogen Oxides (NOx as NO2) g 1.4e+00 7.0e-01| 1.1e+00
(a) Nitrous Oxide (N20) g 4.7e-02 19e-02| 1.8e-02
(a) Organic Matter (unspecified) g 5.3e-04 1.1e-04| 1.2e02
() Particulates (unspecified) g 9.9e-01 49e-01| 7.4e01
(8 Sulfur Oxides (SOx as SO2) g 4.7e+00 1.6e+00| 1.6e+00
(w) Acids (H+) g 0.0e+00 0.0e+00| 1.4e-04
(w) Ammonia (NH4+, NH3, as N) g 1.4e-01 8.9e-02| 4.0e-03
(w) Benzene g 8.9e-14 19e-14| 4.3e14
(w) BODS5 (Biochemical Oxygen Demand) g 9.5e-01 6.1e-01| 3.0e-02
(w) Chlorides (Cl-) g 1.3e+01 3.5e-01| 5.8e-01
(w) COD (Chemical Oxygen Demand) g 8.0e+00 5.1e+00| 2.4e-01
(w) Cyanides (CN-) g 3.0e-18 6.4e-19| 1.5e-18
(w) Dissolved Matter (unspecified) g 1.3e+00 1.1e+00| 1.9e+00
(w) Fluorides (F-) g 1.3e-04 2.7e-05| 1.1e04
(w) Hydrocarbons (unspecified) g 8.4e-04 2.3e-05| 8.2e-01
(w) Metals (unspecified) g 2.9e-02 8.0e-03| 1.1e03
(w) Nitrates (NO3-) g 3.0e-05 6.4e-06| 2.5e-05
(w) Nitrogenous Matter (unspecified, as N) g 0.0e+00 0.0e+00| 6.2e+01
(w) Oils (unspecified) g 4.3e-01 24e-01| 1.4e02
(w) Phenols g 1.8e-02 1.2e-02| 5.1e04
(w) Phosphates (PO4 3-, HPO4--, H2PO4-, H3PO4, as P)|g 0.0e+00 0.0et+00| 9.7e+00
(w) Sodium (Nat) g 1.7e+01 45e-01| 7.4e01
(w) Sulfates (SO4--) g 2.7e-05 5.7e-06| 2.3e-05
(w) Suspended Matter (unspecified) g 4.3e+00 2.8e+00| 1.6e+03
Waste (50 years - prorated) kg 8.2e-01 8.2e-01| 8.6e-01
Waste (End-of-Life) kg 8.2e-01 8.2e-01| 8.6e-01
Waste (Mfg.) kg 2.1e-02 8.0e-03| 1.6e-02
Waste (non-recyclable, 50-year) kg 8.2e-01 8.2e-01| 8.6e-01
E Feedstock Energy MJ 3.4e+01 -5.0e-02| 2.5e01
E Fud Energy MJ 1.0e+01 2.2e+00| 5.4e+00
E Non Renewable Energy MJ 4.5e+01 2.1e+00| 5.6e+00
E Renewable Energy MJ 5.4e-02 1.2e-02| 3.9e-02
E Total Primary Energy MJ 4.5e+01 2.1e+00| 5.7e+00




Indicator Results

The table below shows the indicator results for the three systems studied.

Table3: LCIA Reaults

LCIA Totals
ndicator VirginOil JRer efined Oil |Bio-based Ol
IGWP (kg CO2 equiv) 649 332 353
ODP (kg CFC-11) 0 0 0
Acidification (kg SO2) 5 2 2
utrophication (kg PO4) 2 1 36
otochemical Smog (kg O3) 0.74 0.1/ 7.16
uman Toxicity
Cancer 2.12E-04 5.66E-06 9.13E-06
NonCancer 2.83E-02 4.29E-03 5.23E-01
cotoxicity 8.08E-03 4.31E-03 4.06E-02
esource Depletion
Fossil (tons oil equivalent) 1.70E+00 1.05E-01 3.23E-01
Mineral (equiv tons) 0 0 0
Precious(equiv tons) 0 0 0
|Other Tndicators:
Land Use (ha) 0 0 0
Water Use (kg) 1.35E-01 3.59E-03 5.89E+02
Solid Waste (kg) 8.19E-01 8.19E-01 8.55E-01

I nter pretation

As one would expect, selecting either rerefined or bio-based oil potentially appearsto reduce
fossil fuel depletion. Comparing the two aternativesto Virgin Oil, rerefined oil leads (as
preferable) in the categories for Eutrophication, Photochemical Smog, Non-Cancer, and Water
Use, when looking at order of magnitude differences. Also, adecreasein cancer effectsis
indicated when moving from selecting virgin oil to either alternative product system. The
differences are negligible in the other categories.

It is possible to evaluate the sources of the various impacts in order to identify opportunities for
improvements. The table below shows the indicators for each product in term of percentage of the
indicators in the different life cycle stages.



Table 4: Percentage of Indicator by Life Cycle Stage, Virgin Oil

Virgin Oil - by LC Stage

Indicator Raw Manufacturing | Transport Use Disposal
Materials
GWP 17 73 10 0 0
ODP 0 0 0 0
Acidification 28 70 0 0
Eutrophication 0 98 0 0
Photochemical Smog 78 5 17 0 0
Human Health
Cancer 97 1 2 0 0
NonCancer 78 20 2 0 0
Eco Health
Resour ce Depletion
Fossil 83 15 2 0 0
Mineral 0 0 0 0 0
Precious 0 0 0 0 0
Other Indicators:
Land Use 0 0 0 0 0
Water Use (kg) 97 1 2 0 0
Solid Waste (kg) 0 0 0 0 100
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Table 5: Percentage of Indicator by Life Cycle Stage, Rerefined Oil

Rerefined Qil - by L C Stage

Indicator Raw Manufacturing | Transport Use Disposal
Materials
GWP 4 76 20 0 0
ODP 0 0 0 0 0
Acidification 1 93 6 0 0
Eutrophication 0 98 2 0 0
Photochemical Smog 16 11 74 0 0
Human Health
Cancer 16 7 76
Non-Cancer 3 85 13
Eco Health
Resource Depletion
Fossil 7 62 31 0 0
Mineral 0 0 0 0 0
Precious 0 0 0 0 0
Other Indicators:
Land Use 0 0 0 0 0
Water Use (kg) 15 13 72 0 0
Solid Waste (kg) 0 0 0 0 100
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Table 6: Percentage of Indicator by Life Cycle Stage, Bio-Based Oil

| Bio-Based Oil - by LC Stage
I ndicator Raw Manufacturing | Transport Use Disposal
Materials
GWP 30 51 19 0 0
ODP 0 0 0 0 0
Acidification 32 62 5 0 0
Eutrophication 100 0 0 0 0
Photochemical Smog 11 88 2 0 0
Human Health
Cancer 50 0 50 0 0
Non-Cancer 100 0 0 0 0
Eco Health
Resource Depletion
Fossil 24 65 11 0 0
Mineral 0 0 0 0 0
Precious 0 0 0 0 0
Other Indicators:
Land Use 0 0 0 0 0
Water Use (kg) 100 0 0 0 0
Solid Waste (kg) 0 0 0 0 100

For the most part, the majority of the three products indicator results can be found in the
manufacturing and the transportation phases of the life cycle. This result supports the guidance of
the FRED methodology, which recommends more intensive data gathering effortsin the
manufacturing phase for products which are durable goods which are not energy intensive in the
use phase.

Conclusions

This pilot project proved that existing LCA data sets can be used in the FRED LCA system.
Concern that arose during this pilot project centered around lack of information regarding the LCA
data sets. For example, more information regarding data sources, specificity, age, quality, etc.
would have been useful in framing the applicability of the FRED LCA system results.
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Table 7: Life Cycle Inventory, Virgin Oil

Virgin Oil- LC Stage

Article Units Raw Manufacturing | Transport] Use | End-of-
Materials life

(r) Baryte (in ground) kg 0.0e+00 0.0e+00 0.0e+00§ 0.0e+00] 0.0e+00
(r) Bauxite (Al203.2H20, ore) kg 0.0e+00 0.0e+00 0.0e+00} 0.0e+00] 0.0e+00
(r) Bentonite (Al203.4Si02.H20, in]kg 0.0e+00 0.0e+00 0.0e+00§ 0.0e+00] 0.0e+00
ground)
(r) Borax (Na20.2B203.10H20) kg 0.0e+00 0.0e+00 0.0e+00] 0.0e+00] 0.0e+00
(r) Clay (in ground) kg 0.0e+00 0.0e+00 0.0e+00§ 0.0e+00] 0.0e+00
(r) Coal (in ground) kg 1.6e-02 1.9e-02 5.8e-04]0.0e+00} 0.0e+00
(r) Copper (Cu, Ore) kg 0.0e+00 0.0e+00 0.0e+00§ 0.0e+00] 0.0e+00
(r) Diabase Rock kg 0.0e+00 0.0e+00 0.0e+00} 0.0e+00] 0.0e+00
(r) Dolomite (CaCO3.MgCO3, in ground) Jkg 0.0e+00 0.0e+00 0.0e+00§ 0.0e+00] 0.0e+00
(r) Feldspar (ore) kg 0.0e+00 0.0e+00 0.0e+00} 0.0e+00] 0.0e+00
(r) Granite (in ground) kg 0.0e+00 0.0e+00 0.0e+00§ 0.0e+00] 0.0e+00
(r) Gravel (in ground) kg 0.0e+00 0.0e+00 0.0e+00} 0.0e+00] 0.0e+00
(r) Gypsum (CaS0O4: in ground) kg 0.0e+00 0.0e+00 0.0e+00§ 0.0e+00] 0.0e+00
(r) llmenite Ore (in ground) kg 0.0e+00 0.0e+00 0.0e+00} 0.0e+00] 0.0e+00
(r) Iron (Fe, ore) kg 0.0e+00 0.0e+00 0.0e+00§ 0.0e+00] 0.0e+00
(r) Jute kg 0.0e+00 0.0e+00 0.0e+00} 0.0e+00] 0.0e+00
(r) Kaolin (Al203.2Si02.2H20, ore) kg 0.0e+00 0.0e+00 0.0e+00§ 0.0e+00] 0.0e+00
(r) Limestone (CaCOg3, in ground) kg 3.1e-03 3.6e-03 1.1e-04]0.0e+00] 0.0e+00
(r) Natural Gas (in ground) kg 4.6e-02 5.1e-02 1.6e-03]0.0e+00] 0.0e+00
() Qil (in ground) kg 8.8e-01 5.5e-03 1.9e-02] 0.0e+00] 0.0e+00
(r) Perlite (SiO2, ore) kg 1.1e-06 3.2e-04 4.2e-06] 0.0e+00] 0.0e+00
() Phosphate Rock (in ground) kg 0.0e+00 0.0e+00 0.0e+00} 0.0e+00] 0.0e+00
(r) Pine Rosin kg 0.0e+00 0.0e+00 0.0e+00§ 0.0e+00] 0.0e+00
(r) Potash (K20, in ground) kg 0.0e+00 0.0e+00 0.0e+00} 0.0e+00] 0.0e+00
(r) Potassium (ore) kg 0.0e+00 0.0e+00 0.0e+00§ 0.0e+00] 0.0e+00
(r) Pyrite (FeS2, ore) kg 0.0e+00 0.0e+00 0.0e+00} 0.0e+00] 0.0e+00
(r) Sand (in ground) kg 0.0e+00 0.0e+00 0.0e+00§ 0.0e+00] 0.0e+00
(r) Sodium Chloride (NaCl, in ground or [kg 0.0e+00 0.0e+00 0.0e+00} 0.0e+00] 0.0e+00
in sea)
(r) Uranium (U, ore) kg 3.9e-07 4.5e-07 1.4e-08] 0.0e+00] 0.0e+00
(r) Wastepaper kg 0.0e+00 0.0e+00 0.0e+00} 0.0e+00] 0.0e+00
(r) Wood (standing) m3 0.0e+00 0.0e+00 0.0e+00§ 0.0e+00] 0.0e+00
Cullet (from stock) kg 0.0e+00 0.0e+00 0.0e+00} 0.0e+00] 0.0e+00
Fly Ash kg 0.0e+00 0.0e+00 0.0e+00§ 0.0e+00] 0.0e+00
Iron Ore Slag kg 0.0e+00 0.0e+00 0.0e+00} 0.0e+00] 0.0e+00
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Virgin Oil- LC Stage

Article Units Raw Manufacturing | Transport] Use | End-of-
Materials life

Recovered Solids (iron scraps) kg 0.0e+00 0.0e+00 0.0e+00} 0.0e+00] 0.0e+00
Used Oil kg 0.0e+00 0.0e+00 0.0e+00] 0.0e+00§ 0.0e+00
Water Used (total) liter 1.3e-01 1.2e-03 2.6e-03]0.0e+00} 0.0e+00
(a) Aldehydes g 4.9e-05 5.8e-05 1.9e-06] 0.0e+00] 0.0e+00
(&) Ammonia (NH3) g 7.4e-08 8.1e-08 7.9e-08] 0.0e+00} 0.0e+00
(a) Benzene g 2.0e-04 1.1e-06 4.2e-06] 0.0e+00] 0.0e+00
(a) Carbon Dioxide (CO2, biomass) g 0.0e+00 0.0e+00 0.0e+00} 0.0e+00] 0.0e+00
(a) Carbon Dioxide (CO2, fossil) g 8.5e+01 4.6e+02 6.2e+01] 0.0e+00] 0.0e+00
(a) Carbon Monoxide (CO) g 8.7e-02 3.2e-01 5.4e-02]0.0e+00} 0.0e+00
(a) Fluorides (F-) g 9.5e-13 1.6e-12 4.0e-14]0.0e+00] 0.0e+00
(a) Formaldehyde g 2.7e-03 1.5e-05 5.6e-05] 0.0e+00} 0.0e+00
(a) Hydrocarbons (except methane) g 1.4e-01 3.5e-03 3.1e-02]0.0e+00] 0.0e+00
(a) Hydrocarbons (unspecified) g 1.5e-01 1.4e+00 2.4e-02]0.0e+00} 0.0e+00
(a) Hydrogen Chloride (HCI) g 8.7e-03 1.0e-02 3.1e-04]0.0e+00] 0.0e+00
(a) Hydrogen Fluoride (HF) g 1.1e-03 1.3e-03 3.9e-05] 0.0e+00} 0.0e+00
(a) Hydrogen Sulfide (H2S) g 5.9e-03 4.8e-05 1.4e-04]0.0e+00] 0.0e+00
(a) Lead (Pb) g 0.0e+00 0.0e+00 0.0e+00} 0.0e+00] 0.0e+00
(a) Metals (unspecified) g 6.5e-06 1.9e-05 2.5e-05]0.0e+00] 0.0e+00
(a) Methane (CH4) g 6.8e-01 4.0e-01 2.1e-02]0.0e+00} 0.0e+00
(a) Nitrogen Oxides (NOx as NO2) g 2.6e-01 9.7e-01 1.4e-01]0.0e+00] 0.0e+00
(a) Nitrous Oxide (N20) g 2.7e-02 9.4e-03 1.1e-02] 0.0e+00] 0.0e+00
(a) Organic Matter (unspecified) g 2.4e-04 2.8e-04 8.8e-06]0.0e+00] 0.0e+00
(a) Particulates (unspecified) g 2.4e-01 6.0e-01 1.5e-01]0.0e+00] 0.0e+00
(a) Phenolics g 0.0e+00 0.0e+00 0.0e+00§ 0.0e+00] 0.0e+00
(a) Sulfur Oxides (SOx as SO2) g 1.3e+00 3.3e+00 9.1e-02] 0.0e+00} 0.0e+00
(a) Volatile Organic Compounds (VOCs) lg 0.0e+00 0.0e+00 0.0e+00§ 0.0e+00] 0.0e+00
(w) Acids (H+) g 0.0e+00 0.0e+00 0.0e+00} 0.0e+00] 0.0e+00
(w) Ammonia (NH4+, NH3, as N) g 5.2e-04 1.4e-01 1.8e-03] 0.0e+00] 0.0e+00
(w) AOX (Adsordable Organic Halogene) jg 0.0e+00 0.0e+00 0.0e+00} 0.0e+00] 0.0e+00
(w) Benzene g 4.0e-14 4.7e-14 1.4e-15]0.0e+00] 0.0e+00
(w) BOD5 (Biochemical Oxygenjg 3.4e-03 9.3e-01 1.2e-02]0.0e+00] 0.0e+00
Demand)
(w) Calcium (Ca++) g 0.0e+00 0.0e+00 0.0e+00§ 0.0e+00] 0.0e+00
(w) Chlorides (ClI-) g 1.3e+01 7.9e-02 2.7e-01]0.0e+00} 0.0e+00
(w) COD (Chemical Oxygen Demand) [g 2.9e-02 7.9e+00 1.1e-01]0.0e+00] 0.0e+00
(w) Cyanides (CN-) g 1.4e-18 1.6e-18 4.9e-20] 0.0e+00] 0.0e+00
(w) Dissolved Matter (unspecified) g 2.4e-01 2.5e-01 8.4e-01]0.0e+00] 0.0e+00
(w) Fluorides (F-) g 5.8e-05 6.8e-05 2.1e-06] 0.0e+00} 0.0e+00
(w) Hydrocarbons (unspecified) g 8.2e-04 5.1e-06 1.7e-05] 0.0e+00] 0.0e+00
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Virgin Oil- LC Stage
Article Units Raw Manufacturing | Transport] Use | End-of-
Materials life

(w) Metals (unspecified) g 1.7e-02 1.2e-02 5.1e-04]0.0e+00} 0.0e+00
(w) Nitrates (NO3-) g 1.4e-05 1.6e-05 4.9e-07]0.0e+00] 0.0e+00
(w) Nitrogenous Matter (unspecified, asjg 0.0e+00 0.0e+00 0.0e+00} 0.0e+00] 0.0e+00
N)
(w) Qils (unspecified) g 6.7e-02 3.6e-01 6.2e-03]0.0e+00] 0.0e+00
(w) Phenols g 6.5e-05 1.8e-02 2.4e-04]0.0e+00} 0.0e+00
(W) Phosphates (PO4 3-, HPO4--1g 0.0e+00 0.0e+00 0.0e+00§ 0.0e+00] 0.0e+00
H2PO4-, H3PO4, as P)
(w) Sodium (Na+) g 1.6e+01 1.0e-01 3.4e-01]0.0e+00} 0.0e+00
(w) Sulfates (SO4--) g 1.2e-05 1.4e-05 4.4e-07]0.0e+00] 0.0e+00
(w) Suspended Matter (unspecified) g 1.5e-02 4.2e+00 5.7e-02] 0.0e+00} 0.0e+00
1 quart (Bio-Oil) quart ]0.0e+00 0.0e+00 0.0e+00§ 0.0e+00] 0.0e+00
1 quart (Re-refine Qil) quart ]0.0e+00 0.0e+00 0.0e+00} 0.0e+00] 0.0e+00
1 quart (Virgin Oil) quart ]0.0e+00 0.0e+00 0.0e+00§ 1.0e+00] 0.0e+00
Bio-oll kg 0.0e+00 0.0e+00 0.0e+00§ 0.0e+00] 0.0e+00
Component 2 NA 0.0e+00 0.0e+00 0.0e+00} 0.0e+00] 0.0e+00
Component 3 NA 0.0e+00 0.0e+00 0.0e+00} 0.0e+00] 0.0e+00
Lubricants (kg) kg 0.0e+00 8.2e-01 8.2e-01]0.0e+00] 0.0e+00
Waste (50 years - prorated) kg 0.0e+00 0.0e+00 0.0e+00} 0.0e+00] 8.2e-01
Waste (End-of-Life) kg 0.0e+00 0.0e+00 0.0e+00§ 0.0e+00] 8.2e-01
Waste (first replacement) kg 0.0e+00 0.0e+00 0.0e+00} 0.0e+00] 0.0e+00
Waste (installation) kg 0.0e+00 0.0e+00 0.0e+00§ 0.0e+00] 0.0e+00
Waste (Mfg.) kg 5.9e-03 1.5e-02 3.2e-04]0.0e+00} 0.0e+00
Waste (non-recyclable, 50-year) kg 0.0e+00 0.0e+00 0.0e+00§ 0.0e+00] 8.2e-01
Waste (second replacement) kg 0.0e+00 0.0e+00 0.0e+00} 0.0e+00] 0.0e+00
E Feedstock Energy MJ 3.8e+01 -3.1e+00 0.0e+00§ 0.0e+00] 0.0e+00
E Fuel Energy MJ 2.6e+00 6.7e+00 8.9e-01] 0.0e+00] 0.0e+00
E Non Renewable Energy MJ 4.0e+01 3.6e+00 8.8e-01] 0.0e+00} 0.0e+00
E Renewable Energy MJ 2.5e-02 2.9e-02 8.8e-04] 0.0e+00] 0.0e+00
E Total Primary Energy MJ 4.0e+01 3.6e+00 8.9e-01] 0.0e+00f 0.0e+00
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Table 8: Life Cycle Inventory, Rerefined Oil

Rerefined Qil - LC Stage
Article Units Raw Manufacturing | Transport] Use | End-of-
Materials life

(r) Baryte (in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Bauxite (AI203.2H20, ore) kg 0.0e+00 0.0e+00| 0.0e+00]0.0e+00| 0.0e+00
(r) Bentonite (Al203.4Si02.H20, injkg 0.0e+00 0.0e+00| 0.0e+00|0.0e+00| 0.0e+00
ground)
(r) Borax (Na20.2B203.10H20) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Clay (in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Coal (in ground) kg 1.2e-04 6.9e-03 5.8e-04 | 0.0e+00| 0.0e+00
(r) Copper (Cu, Ore) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Diabase Rock kg 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
(r) Dolomite (CaCO3.MgCO3, in ground) Jkg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Feldspar (ore) kg 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
(r) Granite (in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Gravel (in ground) kg 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
(r) Gypsum (CaS0O4: in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) llmenite Ore (in ground) kg 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
(r) Iron (Fe, ore) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Jute kg 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
(r) Kaolin (Al203.2Si02.2H20, ore) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Limestone (CaCOg3, in ground) kg 2.3e-05 1.3e-03 1.1e-04]0.0e+00| 0.0e+00
(r) Natural Gas (in ground) kg 3.4e-04 1.3e-02 1.6e-03| 0.0e+00| 0.0e+00
() Qil (in ground) kg 3.9e-03 2.0e-03 1.9e-02] 0.0e+00| 0.0e+00
(r) Perlite (SiO2, ore) kg 8.9e-07 2.0e-04 4.2e-06]0.0e+00| 0.0e+00
() Phosphate Rock (in ground) kg 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
(r) Pine Rosin kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Potash (K20, in ground) kg 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
(r) Potassium (ore) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Pyrite (FeS2, ore) kg 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
(r) Sand (iound) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Sodium Chloride (NaCl, in ground or [kg 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
in sea)
(r) Uranium (U, ore) kg 2.9e-09 1.6e-07 1.4e-08| 0.0e+00]| 0.0e+00
(r) Wastepaper kg 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
(r) Wood (standing) m3 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
Cullet (from stock) kg 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
Fly Ash kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
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Rerefined Oil - LC Stage
Article Units Raw Manufacturing | Transport] Use | End-of-
Materials life

Iron Ore Slag kg 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
Recovered Solids (iron scraps) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
Used Oil kg 8.6e-01 8.6e-01 0.0e+00| 0.0e+00| 0.0e+00
Water Used (total) liter 5.5e-04 4.6e-04 2.6e-03|0.0e+00| 0.0e+00
(a) Aldehydes g 4.0e-07 2.1e-05 1.9e-06| 0.0e+00| 0.0e+00
(a) Ammonia (NH3) g 1.7e-08 3.0e-08 7.9e-08|0.0e+00| 0.0e+00
(a) Benzene g 8.8e-07 4.0e-07 4.2e-06]0.0e+00| 0.0e+00
(a) Carbon Dioxide (CO2, biomass) g 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(a) Carbon Dioxide (CO2, fossil) g 1.3e+01 2.5e+02 6.2e+01] 0.0e+00| 0.0e+00
(a) Carbon Monoxide (CO) g 1.1e-02 1.9e-01 5.4e-02|0.0e+00| 0.0e+00
(a) Fluorides (F-) g 8.5e-15 4.0e-13 4.0e-14]0.0e+00| 0.0e+00
(a) Formaldehyde g 1.2e-05 5.4e-06 5.6e-05|0.0e+00| 0.0e+00
(a) Hydrocarbons (except methane) g 6.6e-03 1.3e-03 3.1e-02| 0.0e+00| 0.0e+00
(a) Hydrocarbons (unspecified) g 5.2e-03 8.6e-01 2.4e-02|0.0e+00| 0.0e+00
(a) Hydrogen Chloride (HCI) g 6.6e-05 3.7e-03 3.1e-04 | 0.0e+00| 0.0e+00
(a) Hydrogen Fluoride (HF) g 8.2e-06 4.6e-04 3.9e-05|0.0e+00| 0.0e+00
(a) Hydrogen Sulfide (H2S) g 2.9e-05 1.8e-05 1.4e-04]0.0e+00| 0.0e+00
(a) Lead (Pb) g 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(a) Metals (unspecified) g 5.4e-07 6.9e-05 2.5e-05|0.0e+00| 0.0e+00
(a) Methane (CH4) g 4.5e-03 1.2e-01 2.1e-02|0.0e+00| 0.0e+00
(a) Nitrogen Oxides (NOx as NO2) g 3.1e-02 5.2e-01 1.4e-01]0.0e+00| 0.0e+00
(@) Nitrous Oxide (N20) g 2.4e-03 5.4e-03 1.1e-02| 0.0e+00]| 0.0e+00
(a) Organic Matter (unspecified) g 1.9e-06 1.0e-04 8.8e-06 | 0.0e+00| 0.0e+00
(a) Particulates (unspecified) g 3.2e-02 3.1e-01 1.5e-01|0.0e+00]| 0.0e+00
(a) Phenolics g 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
(a) Sulfur Oxides (SOx as SO2) g 1.9e-02 1.5e+00 9.1e-02|0.0e+00| 0.0e+00
(a) Volatile Organic Compounds (VOCs) g 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
(w) Acids (H+) g 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(w) Ammonia (NH4+, NH3, as N) g 3.8e-04 8.7e-02 1.8e-03| 0.0e+00| 0.0e+00
(w) AOX (Adsordable Organic Halogene) |g 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(w) Benzene g 3.0e-16 1.7e-14 1.4e-15]|0.0e+00| 0.0e+00
(w) BOD5 (Biochemical Oxygen]g 2.6e-03 5.9e-01 1.2e-02| 0.0e+00]| 0.0e+00
Demand)
(w) Calcium (Ca++) g 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
(w) Chlorides (ClI-) g 5.6e-02 2.9e-02 2.7e-01]0.0e+00| 0.0e+00
(w) COD (Chemical Oxygen Demand) |g 2.2e-02 5.0e+00 1.1e-01]0.0e+00| 0.0e+00
(w) Cyanides (CN-) g 1.0e-20 5.8e-19 4.9e-20]0.0e+00| 0.0e+00
(w) Dissolved Matter (unspecified) g 1.8e-01 9.2e-02 8.4e-01|0.0e+00| 0.0e+00
(w) Fluorides (F-) g 4.4e-07 2.5e-05 2.1e-06|0.0e+00| 0.0e+00
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Article Units Raw Manufacturing | Transport] Use | End-of-
Materials life

(w) Hydrocarbons (unspecified) g 3.6e-06 1.9e-06 1.7e-05] 0.0e+00| 0.0e+00
(w) Metals (unspecified) g 1.1e-04 7.3e-03 5.1e-04|0.0e+00| 0.0e+00
(w) Nitrates (NO3-) g 1.0e-07 5.8e-06 4.9e-07]0.0e+00| 0.0e+00
(w) Nitrogenous Matter (unspecified, as|g 0.0e+00 0.0e+00| 0.0e+00|0.0e+00| 0.0e+00
N)
(w) Qils (unspecified) g 1.3e-03 2.3e-01 6.2e-03| 0.0e+00| 0.0e+00
(w) Phenols g 5.1e-05 1.1e-02 2.4e-04]0.0e+00| 0.0e+00
(W) Phosphates (PO4 3-, HPO4--lg 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
H2POA4-, H3PO4, as P)
(w) Sodium (Na+) g 7.2e-02 3.7e-02 3.4e-01]0.0e+00| 0.0e+00
(w) Sulfates (SO4--) g 9.3e-08 5.2e-06 4.4e-07|0.0e+00| 0.0e+00
(w) Suspended Matter (unspecified) g 1.2e-02 2.7e+00 5.7e-02|0.0e+00| 0.0e+00
1 quart (Bio-Oil) quart 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
1 quart (Re-refine Oil) quart 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
1 quart (Virgin Qil) quart 0.0e+00 0.0e+00 0.0e+00{ 1.0e+00| 0.0e+00
Bio-oll kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
Component 2 NA 0.0e+00 0.0e+00 0.0e+00]0.0e+00| 0.0e+00
Component 3 NA 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
Lubricants (kg) kg 0.0e+00 8.2e-01 8.2e-01|0.0e+00| 0.0e+00
Waste (50 years - prorated) kg 0.0e+00 0.0e+00 0.0e+00[ 0.0e+00| 8.2e-01
Waste (End-of-Life) kg 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 8.2e-01
Waste (first replacement) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
Waste (installation) kg 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
Waste (Mfg.) kg 6.7e-05 7.6e-03 3.2e-04|0.0e+00| 0.0e+00
Waste (hon-recyclable, 50-year) kg 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 8.2e-01
Waste (second replacement) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
E Feedstock Energy MJ 0.0e+00 -5.0e-02 0.0e+00] 0.0e+00| 0.0e+00
E Fuel Energy MJ 1.9e-01 1.1e+00 8.9e-01|0.0e+00| 0.0e+00
E Non Renewable Energy MJ 1.9e-01 1.0e+00 8.8e-01]0.0e+00| 0.0e+00
E Renewable Energy MJ 1.9e-04 1.0e-02 8.8e-04|0.0e+00| 0.0e+00
E Total Primary Energy MJ 1.9e-01 1.0e+00 8.9e-01]0.0e+00| 0.0e+00




Table9:

Life Cyclelnventory, Bio-Based Oil

Bio-Based Qil - LC Sta

e

Article Units Raw Manufacturing | Transport] Use | End-of-
Materials life

(r) Baryte (in ground) kg 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
(r) Bauxite (Al203.2H20, ore) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Bentonite (Al203.4Si02.H20, infkg 0.0e+00 0.0e+00| 0.0e+00|0.0e+00| 0.0e+00
ground)
(r) Borax (Na20.2B203.10H20) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(n) Clay (in ground) kg 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
(r) Coal (in ground) kg 5.3e-03 1.6e-02 6.0e-04|0.0e+00| 0.0e+00
(r) Copper (Cu, Ore) kg 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
(r) Diabase Rock kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Dolomite (CaC0O3.MgCOg3, in ground) [kg 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
(r) Feldspar (ore) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Granite (in ground) kg 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
(r) Gravel (in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Gypsum (CaS04: in ground) kg 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
(r) llmenite Ore (in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Iron (Fe, ore) kg 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
(r) Jute kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Kaolin (Al203.2Si02.2H20, ore) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Limestone (CaCO3, in ground) kg 9.2e-04 3.0e-03 1.1e-04| 0.0e+00]| 0.0e+00
(r) Natural Gas (in ground) kg 9.3e-03 4.3e-02 1.7e-03]| 0.0e+00| 0.0e+00
(r) Qil (in ground) kg 2.4e-02 2.6e-03 1.9e-02| 0.0e+00| 0.0e+00
(r) Perlite (SiO2, ore) kg 4.5e-06 0.0e+00 4.4e-06|0.0e+00| 0.0e+00
(r) Phosphate Rock (in ground) kg 5.5e-02 0.0e+00| 0.0e+00|0.0e+00| 0.0e+00
(r) Pine Rosin kg 0.0e+00 0.0e+00| 0.0e+00]0.0e+00| 0.0e+00
(r) Potash (K20, in ground) kg 3.2e-02 0.0e+00| 0.0e+00|0.0e+00| 0.0e+00
(r) Potassium (ore) kg 0.0e+00 0.0e+00| 0.0e+00]0.0e+00| 0.0e+00
(r) Pyrite (FeS2, ore) kg 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
(r) Sand (in ground) kg 0.0e+00 0.0e+00| 0.0e+00]0.0e+00| 0.0e+00
(r) Sodium Chloride (NaCl, in ground or fkg 0.0e+00 0.0e+00| 0.0e+00|0.0e+00| 0.0e+00
in sea)
() Uranium (U, ore) kg 3.0e-07 3.8e-07 1.4e-08] 0.0e+00| 0.0e+00
(r) Wastepaper kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Wood (standing) m3 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
Cullet (from stock) kg 0.0e+00 0.0e+00 0.0e+00{ 0.0e+00| 0.0e+00
Fly Ash kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
Iron Ore Slag kg 0.0e+00 0.0e+00 0.0e+00{ 0.0e+00| 0.0e+00
Recovered Solids (iron scraps) kg 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
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Article Units Raw Manufacturing | Transport] Use | End-of-
Materials life

Used Oil kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
Water Used (total) liter 5.9e+02 3.5e-03 2.7e-03|0.0e+00| 0.0e+00
(a) Aldehydes g 1.7e-04 1.2e-04 2.0e-06 | 0.0e+00]| 0.0e+00
(a) Ammonia (NH3) g 1.6e-01 4.0e-05 8.3e-08|0.0e+00| 0.0e+00
(a) Benzene g 4.4e-06 0.0e+00 4.4e-06|0.0e+00| 0.0e+00
(a) Carbon Dioxide (CO2, biomass) g -1.4e+03 -1.1e+03 0.0e+00| 0.0e+00| 0.0e+00
(a) Carbon Dioxide (CO2, fossil) g 1.0e+02 1.7e+02 6.5e+01] 0.0e+00| 0.0e+00
(a) Carbon Monoxide (CO) g 4.7e-01 5.2e-02 5.7e-02|0.0e+00| 0.0e+00
(a) Fluorides (F-) g 4.6e-03 1.4e-12 4.2e-14]0.0e+00| 0.0e+00
(a) Formaldehyde g 6.0e-05 2.6e-12 5.8e-05|0.0e+00| 0.0e+00
(a) Hydrocarbons (except methane) g 1.8e-01 1.6e+00 3.3e-02| 0.0e+00| 0.0e+00
(a) Hydrocarbons (unspecified) g 4.5e-01 1.3e-03 2.6e-02]0.0e+00| 0.0e+00
(a) Hydrogen Chloride (HCI) g 1.4e-03 8.6e-03 3.2e-04 | 0.0e+00| 0.0e+00
(a) Hydrogen Fluoride (HF) g 4.1e-05 1.1e-03 4.1e-05]0.0e+00| 0.0e+00
(a) Hydrogen Sulfide (H2S) g 1.4e-04 1.0e-05 1.4e-04]0.0e+00| 0.0e+00
(a) Lead (Pb) g 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(a) Metals (unspecified) g 2.8e-07 2.5e-08 2.7e-07|0.0e+00]| 0.0e+00
(a) Methane (CH4) g 1.2e-01 3.2e-01 2.2e-02|0.0e+00| 0.0e+00
(a) Nitrogen Oxides (NOx as NO2) g 6.7e-01 3.2e-01 1.5e-01]0.0e+00| 0.0e+00
(a) Nitrous Oxide (N20) g 4.7e-03 1.6e-03 1.2e-02| 0.0e+00| 0.0e+00
(a) Organic Matter (unspecified) g 1.1e-02 2.4e-04 9.2e-06 | 0.0e+00| 0.0e+00
(a) Particulates (unspecified) g 3.6e-01 2.3e-01 1.6e-01|0.0e+00]| 0.0e+00
(a) Phenolics g 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
(a) Sulfur Oxides (SOx as SO2) g 3.2e-01 1.2e+00 9.5e-02|0.0e+00| 0.0e+00
(a) Volatile Organic Compounds (VOCs) g 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
(w) Acids (H+) g 1.4e-04 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(w) Ammonia (NH4+, NH3, as N) g 2.1e-03 5.1e-05 1.9e-03] 0.0e+00| 0.0e+00
(w) AOX (Adsordable Organic Halogene) |g 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(w) Benzene g 1.5e-15 4.0e-14 1.5e-15]|0.0e+00| 0.0e+00
(w) BOD5 (Biochemical Oxygenlg 1.7e-02 2.2e-04 1.3e-02| 0.0e+00| 0.0e+00
Demand)
(w) Calcium (Ca++) g 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
(w) Chlorides (ClI-) g 2.9e-01 7.7e-03 2.8e-01]0.0e+00| 0.0e+00
(w) COD (Chemical Oxygen Demand) |g 1.2e-01 1.8e-03 1.1e-01]0.0e+00| 0.0e+00
(w) Cyanides (CN-) g 5.2e-20 1.4e-18 5.1e-20|0.0e+00| 0.0e+00
(w) Dissolved Matter (unspecified) g 9.6e-01 4.8e-02 8.8e-01|0.0e+00| 0.0e+00
(w) Fluorides (F-) g 4.7e-05 5.7e-05 2.2e-06|0.0e+00| 0.0e+00
(w) Hydrocarbons (unspecified) g 4.1e-02 7.8e-01 1.8e-05| 0.0e+00| 0.0e+00
(w) Metals (unspecified) g 5.5e-04 1.3e-05 5.4e-04|0.0e+00| 0.0e+00
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Article Units Raw Manufacturing | Transport] Use | End-of-
Materials life

(w) Nitrates (NO3-) g 1.1e-05 1.4e-05 5.1e-07 | 0.0e+00| 0.0e+00
(w) Nitrogenous Matter (unspecified, as|g 6.2e+01 0.0e+00| 0.0e+00|0.0e+00| 0.0e+00
N)
(w) Qils (unspecified) g 7.3e-03 4.2e-04 6.4e-03| 0.0e+00| 0.0e+00
(w) Phenols g 2.5e-04 3.9e-06 2.5e-04|0.0e+00| 0.0e+00
(w) Phosphates (PO4 3-, HPO4--]g 9.7e+00 0.0e+00 0.0e+00]0.0e+00| 0.0e+00
H2POA4-, H3PO4, as P)
(w) Sodium (Na+) g 3.7e-01 1.0e-02 3.6e-01]0.0e+00| 0.0e+00
(w) Sulfates (SO4--) g 1.0e-05 1.2e-05 4.6e-07]0.0e+00| 0.0e+00
(w) Suspended Matter (unspecified) g 1.6e+03 9.4e-04 5.9e-02|0.0e+00| 0.0e+00
1 quart (Bio-Oil) quart 0.0e+00 0.0e+00 0.0e+00] 1.0e+00| 0.0e+00
1 quart (Re-refine Oil) quart 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
1 quart (Virgin QOil) quart 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
Bio-oll kg 0.0e+00 0.0e+00 8.6e-01|0.0e+00| 0.0e+00
Component 2 NA 0.0e+00 0.0e+00 0.0e+00]0.0e+00| 0.0e+00
Component 3 NA 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
Lubricants (kg) kg 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
Waste (50 years - prorated) kg 0.0e+00 0.0e+00 0.0e+00[ 0.0e+00| 8.6e-01
Waste (End-of-Life) kg 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 8.6e-01
Waste (first replacement) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
Waste (installation) kg 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 0.0e+00
Waste (Mfg.) kg 2.2e-03 1.3e-02 3.3e-04|0.0e+00| 0.0e+00
Waste (hon-recyclable, 50-year) kg 0.0e+00 0.0e+00 0.0e+00] 0.0e+00| 8.6e-01
Waste (second replacement) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
E Feedstock Energy MJ 2.1e-01 3.5e-02 0.0e+00] 0.0e+00| 0.0e+00
E Fuel Energy MJ 1.6e+00 2.9e+00 9.2e-01|0.0e+00| 0.0e+00
E Non Renewable Energy MJ 1.8e+00 2.9e+00 9.2e-01]0.0e+00| 0.0e+00
E Renewable Energy MJ 1.4e-02 2.4e-02 9.2e-04|0.0e+00| 0.0e+00
E Total Primary Energy MJ 1.8e+00 3.0e+00 9.2e-01]0.0e+00| 0.0e+00




Appendix B: Wall Insulation Case Study
Goal and Scope Definition

Goal

The goal of this pilot study was to determine the feasibility of evaluating the environmental performance of four
different typesof wall insulation by usingthe FRED L CA system. Thefour typesof wall insulation evaluated were R-13
blown celluloseinsulation, R-11 fiberglassbatt insul ation, R-15fiberglassbatt i nsul ation and R-12 blown mineral wool
insulation. Lifecycleinventory datafor thisanalysiswastakenfrom NIST’ sBuilding for Environmental and Economic
sustainability program.

I ntended Applications and Audiences

The LCA itself was intended to be used to support a comparative assertion of environmental superiority of a product
over a competing product in the context of the Federal requirement for environmentally preferable purchasing.
Audiences include purchasing agents as well as other federal and state officials. An ancillary use of the study isto
support efforts towards environmental improvement.

Scope

Description of the Product

The products evaluated represented several types of wall insulation with varying levels of thermal resistance. Blown
celluloseinsulation isproduced primarily from post-consumer wood pulp andistreated with fireretardant. Fiberglass
batt insulation is made by forming spun-glassfibersinto batts. Blown mineral wool insulation is made from forming
fibers from either natural rock or iron ore blast furnace slag.

System Function and Functional Unit

The system function for the alternative products is to provide a constant thermal performance (for both heating and
cooling) for a house of 9600 cubic feet with an environment of 70 degreesF, given atypical wood frame-residential
construction, when the outside annual temperature is 55 degrees F, with average winter temperature of 32 degrees F
and

average summer temperature of 85 degrees F. The functional unit is quantity of each insulation product required to
maintain the desired thermal performance over a 50-year period.
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System Boundaries

The system studied included all unit processes for the manufacture of the insulation products as well as the

heating/cooling energy requirements associated with their use.

Data Gathering

The entire data gathering exercise for this project involved extracting data from the BEES database.
According to NIST, the BEES database includes both primary data as well asindustry average data.

Allocation

According to the contractor for BEES, all alocation of emissions and resource use was performed

based on amass basis.

I mpact Assessment

Impact assessment was performed based on the FRED L CA systemindicators, asdescribed in the body

of thiswork. The assignment of inventory datato impact categoriesis shown in the table below.

Table 1: Assgnment of Inventory Resultsto | mpact Categories

Inventory Result

Impact Category

Justification

Fossil Fuels and Uranium

Resource Depletion

Although Uranium is not truly a
fossil fud, itis"used up” ina
precisely comparable fashion

CO,, N0, Methane

Globa Warming

These are important greenhouse
gases which do not participate to a
great extent in other impact
categories

CO

Human Toxicity
Photochemical Smog
Global Warming;

COisahuman and animal toxicant,
aswell as a precursor to ozone
formation and a greenhouse gas. It
can participate in the first two of
these environmental mechanisms
without losing its potency for the
others.

CFC's, HCFC's, Halons

Globa Warming 100%
Stratospheric Ozone
Depletion 100%

These substances participate fully
in both of these parallel
environmental mechanisms

le

Acidification 100%

Although SO2 contributes to
visibility deterioration, and human




Inventory Result Impact Category Justification

hedlth effects through the formation
of Particulate Matter, these
environmental mechanisms are not

addressed by FRED.
HCl, HF Acidification 100% These acid gases have minor human
Human Health 100% health effects aswell as

contributing to acidification. It was
thought that double counting would
not significantly skew results.
Toxic Air and Water Human Toxicity 100% Since it was not possible to
Emissions Ecotoxicity 100% evaluate the partitioning of these
substances, they were double
counted so as not to underestimate

their impacts.
NOx Acidification 100% Since FRED does not currently
Eutrophication 100% evaluate the fate and transport of
NOx, this emission was double
counted.
VOC's, ROG's Photochemical Smog These are the essential precursors

to photochemically produced
ozone. Although some of them are
also toxic, unspeciated data does
not permit atoxic evauation.

NH, Eutrophication (water Although NH4 is not an acid gas, it
emissions); acidification | undergoes changesin the soil
(air Emissions) leading to acidification effects.

PO, Eutrophication 100% Phosphate does not participate in
any other environmental mechanism
described by the FRED
methodol ogy

I nventory

The table bel ow showsthe summary inventory for the four products compared. A full inventory by life
cycle stage can befound in Tables 8, 9, 10 and 11.

Table2: Summary Inventory



LCI Totals

Article Units Blown R-11 R-15 Mineral Wool
Cellulose | Fiberglass Fiberglass

(r) Bauxite (Al203.2H20, ore) kg 2.4e-05 1.0e-06 3.4e-06 3.0e-06
(r) Borax (Na20.2B203.10H20) (kg 5.1e-02 3.5e-03 1.1e-02 0.0e+00
() Clay (in ground) kg 2.2e-06 7.8e-08 2.6e-07 2.2e-07
(r) Coal (in ground) kg 9.3e-02 2.2e-02 6.0e-02 8.9e-02
(r) Diabase Rock kg 0.0e+00 0.0e+00 0.0e+00 6.7e-02
(r) Iron (Fe, ore) kg 2.7e-05 7.7e-07 2.5e-06 2.1e-06
(r) Limestone (CaCO3, in ground) (kg 1.7e-02 1.7e-02 5.5e-02 1.3e-03
(r) Natural Gas (in ground) kg 2.5e-01 4.2e-02 1.1e-01 1.5e-01
(r) Qil (in ground) kg 1.5e-01 1.8e-01 1.9e-01 1.8e-02
(r) Perlite (SiO2, ore) kg 1.6e-05 1.7e-05 1.7e-05 1.6e-06
Cullet (from stock) kg 0.0e+00 3.7e-03 1.2e-02 0.0e+00
Iron Ore Slag kg 0.0e+00 0.0e+00 0.0e+00 2.7e-01
Water Used (total) liter 1.2e+00 2.5e-01 4.7e-01 3.0e-01
(a) Aldehydes g 2.7e-04 1.2e-04 2.5e-04 8.8e-04
(@) Ammonia (NH3) g 6.4e-06 2.1e-05 2.2e-05 2.0e-05
(a) Benzene g 1.6e-05 4.0e-05 4.0e-05 1.6e-06
(a) Carbon Dioxide (CO2, fossil) |g 9.4e+02 1.8e+02 4.7e+02 1.2e+02
(a) Fluorides (F-) g 6.5e-08 5.0e-09 1.6e-08 6.5e-03
(a) Formaldehyde g 2.1e-04 9.0e-02 3.0e-01 8.0e-03
(a) Hydrocarbons (except|g 2.5e-01 9.1e-02 1.8e-01 1.9e+00
methane)
(a) Hydrocarbons (unspecified) |g 1.1e+00 1.8e-01 2.9e-01 1.6e-01
(a) Hydrogen Chloride (HCI) g 5.2e-02 1.1e-02 3.1e-02 4.0e-03
(a) Hydrogen Fluoride (HF) g 5.8e-03 1.4e-03 3.9e-03 5.2e-04
(a) Hydrogen Sulfide (H2S) g 1.1e-03 1.4e-03 1.5e-03 9.7e-05
(a) Methane (CH4) g 1.6e+00 4.2e-01 1.0e+00 7.4e-01
(a) Nitrogen Oxides (NOx as NO2) |g 2.9e+00 5.4e-01 1.4e+00 3.9e-01
(@) Nitrous Oxide (N20) g 5.1e-02 9.2e-03 1.3e-02 4.0e-02
(a) Organic Matter (unspecified) |g 1.3e-03 3.9e-04 9.7e-04 1.8e-03
(a) Particulates (unspecified) g 1.9e+00 2.4e+00 7.8e+00 1.4e+00
(a) Phenolics g 0.0e+00 5.0e-01 1.6e+00 0.0e+00
(a) Sulfur Oxides (SOx as SO2) |g 5.5e+00 1.7e+00 4.5e+00 3.7e+00
(w) Acids (H+) g 1.3e-02 2.3e-04 7.5e-04 6.6e-04
(w) Ammonia (NH4+, NH3, as N) |g 9.7e-03 7.2e-03 7.6e-03 7.8e-04
(W) AOX (Adsordable Organic|g 0.0e+00 1.1e-05 1.1e-05 0.0e+00
Halogene)
(w) Benzene g 2.2e-13 5.2e-14 1.4e-13 1.7e-14
(w) BOD5 (Biochemical Oxygen|g 1.1e-01 1.0e-01 2.1e-01 1.0e-01
Demand)
(w) Chlorides (ClI-) g 1.7e+00 2.5e+00 2.6e+00 1.1e-01
(w) COD (Chemical Oxygen|g 6.2e-01 5.2e-01 7.3e-01 2.1e-01
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LCI Totals

Article Units Blown R-11 R-15 Mineral Wool
Cellulose | Fiberglass Fiberglass

Demand)
(w) Cyanides (CN-) g 7.3e-18 1.8e-18 4.9e-18 5.7e-19
(w) Dissolved Matter (unspecified) |g 3.4e+00 8.0e+00 8.2e+00 3.5e-01
(w) Fluorides (F-) g 3.2e-04 7.6e-05 2.1e-04 2.6e-05
(w) Hydrocarbons (unspecified) |g 9.0e-03 4.9e-04 1.2e-03 9.5e-04
(w) Metals (unspecified) g 4.3e-02 5.3e-03 8.1e-03 3.5e-03
(w) Nitrates (NO3-) g 6.4e-02 2.6e-05 7.6e-05 3.7e-05
(w) Nitrogenous Matter|g 1.1e-03 3.9e-05 1.3e-04 1.1e-04
(unspecified, as N)
(w) Oils (unspecified) g 9.3e-02 3.3e-02 3.5e-02 3.8e-03
(w) Phenols g 9.4e-04 9.5e-04 9.9e-04 1.0e-04
(w) Phosphates (PO4 3-, HPO4--, |g 0.0e+00 4.9e-06 1.6e-05 2.4e-05
H2PO4-, H3PO4, as P)
(w) Sodium (Na+) g 1.5e+00 3.3e+00 3.3e+00 1.4e-01
(w) Sulfates (SO4--) g 8.9e-02 6.8e-04 2.0e-03 1.2e-03
(w) Suspended Matter|g 2.6e-01 2.9e-01 4.4e-01 1.5e-01
(unspecified)
Waste (50 years - prorated) kg 1.3e+00 2.3e-01 3.8e-01 3.3e-01
Waste (End-of-Life) kg 1.3e+00 2.3e-01 3.8e-01 3.3e-01
Waste (installation) kg 4.0e-01 1.2e-02 2.0e-02 2.2e-02
Waste (Mfg.) kg 3.5e-02 1.3e-02 3.8e-02 7.7e-02
E Feedstock Energy MJ 5.4e+00 7.4e+00 7.7e+00 7.6e-01
E Fuel Energy MJ 1.7e+01 3.4e+00 8.7e+00 1.0e+01
E Non Renewable Energy MJ 2.3e+01 1.1e+01 1.6e+01 1.1e+01
E Renewable Energy MJ 1.6e-01 1.9e-01 2.5e-01 2.1e-02
E Total Primary Energy MJ 2.3e+01 1.1e+01 1.6e+01 1.1e+01
E Fuel Energy MJ 1.0e+01 2.2e+00 5.4e+00
E Non Renewable Energy MJ 4.5e+01 2.1e+00 5.6e+00
E Renewable Energy MJ 5.4e-02 1.2e-02 3.9e-02
Total Primary Energy MJ 4.5e+01 2.1e+00 5.7e+00

Indicator Results

The table below shows the indicator results for the four systems studied.

Table 3: LCIA Reaults




LCIA Results
| ndicator Blown Fiberglass Fiberglass |Mineral Wool
Cellulose R-11 R-15

GWP (kg CO, equiv) 986 193 492 153
ODP (kg CFC-11) 0 0 0 0
Acidification (kg SO,) 8 2 5 4
Eutrophication (kg PO,) 0.1452 0.1169 0.1621 0.0471
Photochemical Smog (kg O5) 1.08 2.10 6.45 7.62
Human Toxicity

Cancer 1.66E-05 3.09E-04 9.27E-04 2.57E-05

NonCancer 2.19E-03 6.52E-01 2.14E+00 |5.64E-02
Ecotoxicity 1.94E-02 1.49E-02 4.69E-02 2.84E-03
Resour ce Depletion

Fossil (tons oil equivalent) 140E+00 |4.48E-01 7.99E-01 7.42E-01

Mineral (equiv tons) 0.00E+00 |0.00E+00 |0.00E+00  ]0.00E+00

Precious(equiv tons) 0.00E+00 |0.00E+00 |0.00E+00  ]0.00E+00
Other Indicators:

Land Use (ha) 0 0 0 0

Water Use (kg) 1.15E+00 |2.53E-01 4.73E-01 3.00E-01

Solid Waste (kg) 1.26E+00 |2.25E-01 3.77E-01 3.26E-01

I nter pretation

This is an example of when it may be difficult to make a decision based on the FRED LCA model
outputs. For instance, blown cellulose has alower indicated impact in the Human Toxicity category,
but the other products have lower indicator resultsfor Water Use and Solid Waste. Minera wool also
has the lowest indicator result, by an order of magnitude, for Ecotoxicity.

It is also possible to evaluate the sources of the variousimpactsin order to identify opportunities for
improvements. The table below shows the indicators in term of percentage for the different life cycle
stages.



Table 4: Percentage of Indicator by Life Cycle Stage, Blown Cellulose

Blown Cellulose - by L C Stage

I ndicator Raw Manufacturing | Transport Use Disposal
Materials
GWP 75 21 2 1 0
ODP 0 0 0 0 0
Acidification 76 21 1 2 0
Eutrophicatio 90 1 5 3 0
n
Photochemica 93 1 4 3 0
| Smog
Human Health
Cancer 86 0 8 6 0
NonCancer 87 0 8 5 0
Eco Health N/A N/A N/A N/A N/A
Resource
Depletion
Fossil 96 3 1 0 0
Mineral 0 0 0 0 0
Precious 0 0 0 0 0
Other
Indicators:
Land Use 0 0 0 0 0
Water Use 100 0 0 0 0
(kg)
Solid Waste 0 0 0 0 100
(kg)




Table 5: Percentage of Indicator by Life Cycle Stage, R-11 Fiber glass

R-11 Fiberglass- by LC Stage

Indicator Raw Manufacturing | Transport | Use | Disposal
Materials
GWP 6 93 1 0 0
ODP 0 0 0 0 0
Acidification 4 96 0 0 0
Eutrophication 16 84 1 0 0
Photochemical 9 91 0 0 0
Smog
Human Health
Cancer 4 96 0 0 0
Non-Cancer 4 96 0 0 0
Eco Health N/A N/A N/A] N/A N/A
Resource Depletion
Fossil 6 94 0 0 0
Mineral 0 0 0 0 0
Precious 0 0 0 0 0
Other Indicators:
Land Use 0 0 0 0 0
Water Use (kg) 38 62 0 0 0
Solid Waste (kg) 0 0 0 0 0




Table 6: Percentage of Indicator by Life Cycle Stage, R-15 Fiber glass

R-15 Fiberglass- by LC Stage

Indicator Raw Manufacturing | Transport | Use | Disposal
Materials
GWP 8 91 1 0 0
ODP 0 0] 0 0 0
Acidification 5 94 0 0 0
Eutrophication 38 61 2 0 0
Photochemical 9 91 0 0 0
Smog
Human Health
Cancer 4 96 0 0 0
Non-Cancer 4 96 0 0 0
Eco Health N/A N/A N/A|l N/A N/A
Resource Depletion
Fossil 12 88 0 0 0
Mineral 0 0l O O 0
Precious 0 of of o 0
Other Indicators:
Land Use 0 0] 0 0 0
Water Use (kg) 66 33 0 0 0
Solid Waste (kg) 0 0l 0 0 0




Table 7: Percentage of Indicator by Life Cycle Stage, Mineral Wool

Mineral Wool - by LC Stage

Indicator Raw Manufacturing | Transport | Use | Disposal
Materials
GWP 34 56 7 2 0
ODP 0 0l 0 0 0
Acidification 9 90} 1l 1 0
Eutrophication 88 1 8 3 0
Photochemical 6 94 0 0 0
Smog
Human Health
Cancer 96 0l 3 1 0
Non-Cancer 100 of of o 0
Eco Health N/A N/A N/A|l N/A N/A
Resource Depletion
Fossil 11 88 1 0 0
Mineral 0 0l O O 0
Precious 0 of of o 0
Other Indicators:
Land Use 0 0l 0 0 0
Water Use (kg) 100 ) of o 0
Solid Waste (kg) 0 0| of o 0

For the most part, the mgjority of the four productsindicator results can be found in the manufacturing
and the transportation phases of the life cycle. This result supports the guidance of the FRED
methodol ogy, which recommends more intensive data gathering effortsin the manufacturing phase for

products which are durable goods which are not energy intensive in the use phase.

Conclusions

Like the pilot project described in Appendix A, this pilot proved that existing LCA data sets can be
used in the FRED LCA system. Concern that arose during this pilot project centered around lack of
information regarding the LCA data sets. For example, more information regarding data sources,
specificity, age, quality, etc., would have been useful in framing the applicability of the FRED LCA

system results.




Table8:

Life Cycle Inventory, Blown Cellulose

Blown Cédllulose - L C Stage

Article Units] Raw |Manufacturing | Transport | Use | End-of-
Materials life

(r) Baryte (in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00] 0.0e+00
(r) Bauxite (A1203.2H20, ore) kg 2.4e-05 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Bentonite (Al1203.4S02.H20,in|kg  ]0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0et+00
ground)
(r) Borax (Na20.2B203.10H20) |kg [5.1e-02 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Clay (in ground) kg 2.2e-06 0.0e+00 0.0e+00| 0.0e+00] 0.0e+00
(r) Coa (in ground) kg 2.9e-02 6.3e-02 1.8e-04] 1.2e-04] 0.0e+00
(r) Copper (Cu, Ore) kg  ]0.0e+00 0.0e+00 0.0e+00| 0.0e+00] 0.0e+00
(r) Diabase Rock kg  ]0.0e+00 0.0e+00 0.0e+00| 0.0e+00] 0.0e+00
(r) Dolomite (CaCO3.MgCQg3, inlkg  ]0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
ground)
(r) Feldspar (ore) kg  ]0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Granite (in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00] 0.0e+00
(r) Gravel (in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00] 0.0e+00
() Gypsum (CaS04. in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00] 0.0e+00
(r) llmenite Ore (in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00] 0.0e+00
(r) Iron (Fe, ore) kg 2.7e-05 0.0e+00 0.0e+00| 0.0e+00] 0.0e+00
(r) Jute kg  ]0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(N Kaolin (Al203.2S5102.2H20,|kg  ]0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0et+00
ore)
(r) Limestone (CaCQO3, in ground) |kg 4.5e-03 1.2e-02 3.5e-05] 2.3e-05| 0.0e+00
(r) Natural Gas (in ground) kg 2.4e-01 6.9e-03 5.0e-04| 3.4e-04| 0.0e+00
(r) Gil (in ground) kg 1.3e-01 2.2e-03 5.9e-03] 3.9e-03| 0.0e+00
(r) Perlite (SiO2, ore) kg 1.4e-05 0.0e+00 1.3e-06| 9.0e-07] 0.0e+00
(r) Phosphate Rock (in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00] 0.0e+00
(r) Pine Rosin kg  ]0.0e+00 0.0e+00 0.0e+00| 0.0e+00] 0.0e+00
(r) Potash (K20, in ground) kg  ]0.0e+00 0.0e+00 0.0e+00| 0.0e+00] 0.0e+00
(r) Potassium (ore) kg ]0.0e+00 0.0e+00 0.0e+00| 0.0e+00] 0.0e+00
(r) Pyrite (FeS2, ore) kg  ]0.0e+00 0.0e+00 0.0e+00| 0.0e+00] 0.0e+00
(r) Sand (in ground) kg 4.6e-06 0.0e+00 0.0e+00| 0.0e+00] 0.0e+00
() Sodium Chloride (NaCl, in|kg 1.4e-02 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
ground or in sea)
(r) Uranium (U, ore) kg 5.4e-07 1.5e-06 4.4e-09] 2.9e-09| 0.0e+00
(r) Wastepaper kg 1.1e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Wood (standing) m3  ]0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
Cullet (from stock) kg  ]0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
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Blown Cédllulose - L C Stage

Article Units] Raw |Manufacturing | Transport | Use | End-of-
Materials life

Fly Ash kg  ]0.0e+00 0.0e+00 0.0e+00| 0.0e+00] 0.0e+00
Iron Ore Slag kg  ]0.0e+00 0.0e+00 0.0e+00| 0.0e+00] 0.0e+00
Recovered Solids (iron scraps) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00] 0.0e+00
Water Used (total) liter ]1.2e+00 1.9e-03 8.2e-04| 5.5e-04| 0.0e+00
Sq Foot of Insulation (Cellulose) | Sq Ft |0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 1.0e+00
Cellulose Insulation kg  ]0.0e+00 1.3e+00 1.3e+00| 1.3e+00| 0.0e+00
Component 2 NA ]0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
Component 3 NA ]0.0e+00 0.0e+00 0.0e+00| 0.0e+00] 0.0e+00
(8 Aldehydes g 7.6e-05 1.9e-04 6.1e-07| 4.1e-07] 0.0e+00
(8 Ammonia (NH3) g 6.2e-06 2.3e-07 2.5e-08| 1.7e-08] 0.0e+00
(a) Benzene g 1.4e-05 0.0e+00 1.3e-06| 8.8e-07] 0.0e+00
(a) Carbon Dioxide (CO2, biomass) |g 0.0e+00 0.0e+00 0.0e+00| 0.0e+00] 0.0e+00
(8) Carbon Dioxide (CO2, fossil) |g 7.1e+02 2.0e+02 2.0e+01] 1.4e+01| 0.0e+00
(a) Carbon Monoxide (CO) g 1.0e+00 4.3e-02 1.7e-02] 5.6e-02] 0.0e+00
(8 Fluorides (F-) g 6.5e-08 0.0e+00 1.3e-14| 8.6e-15] 0.0e+00
(a) Formaldehyde g 1.8e-04 1.0e-11 1.8e-05] 1.2e-05] 0.0e+00
(a) Hydrocarbons (except methane) |g 2.3e-01 1.6e-03 9.9e-03| 6.8e-03] 0.0e+00
(a) Hydrocarbons (unspecified) g 1.1e+00 5.2e-03 7.7e-03| 5.2e-03] 0.0e+00
(a) Hydrogen Chloride (HCI) g 1.7e-02 3.4e-02 9.8e-05| 6.6e-05] 0.0e+00
(a) Hydrogen Fluoride (HF) g 1.5e-03 4.3e-03 1.2e-05] 8.3e-06] 0.0e+00
(a) Hydrogen Sulfide (H2S) g 1.0e-03 4.1e-05 4.3e-05] 2.9e-05| 0.0e+00
() Lead (Pb) g 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(8 Metd's (unspecified) g 8.4e+03 9.8e-04 8.0e+02| 5.4e+02] 0.0e+00
(8) Methane (CH4) g 1.1e+00 4.7e-01 6.8e-03| 4.9e-03] 0.0e+00
(8 Nitrogen Oxides (NOx as NO2) |g 2.1e+00 6.1e-01 4.6e-02] 2.1e-01| 0.0e+00
(8 Nitrous Oxide (N20) g 4.3e-02 3.6e-03 3.6e-03| 4.4e-04| 0.0e+00
(&) Organic Matter (unspecified) |g 3.4e-04 9.4e-04 2.8e-:06| 1.9e-06] 0.0e+00
(a) Particulates (unspecified) g 9.6e-01 8.9e-01 4.7e-02] 7.0e-03| 0.0e+00
(8 Phenolics g 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(8 Sulfur Oxides (SOx as SO2) g 4.3e+00 1.1e+00 2.9e-02| 1.9e-02] 0.0e+00
(a) Voldtile Organic Compounds  |g 0.0e+00 0.0e+00 0.0e+00| 0.0e+00] 0.0e+00
(w) Acids (H+) g 1.3e-02 0.0e+00 0.0e+00] 0.0e+00] 0.0e+00
(w) Ammonia (NH4+, NH3, asN) |g 8.5e-03 2.0e-04 5.8e-04| 3.9e-04| 0.0e+00
(w) AOX (Adsordable Organiclg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0et+00
Halogene)
(w) Benzene g 5.6e-14 1.6e-13 4.6e-16] 3.1e-16| 0.0e+00
(w) BOD5 (Biochemica Oxygenl|g 1.0e-01 8.2e-04 3.9e-03] 2.6e-03| 0.0e+00
Demand)
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Blown Cédllulose - L C Stage

Article Units] Raw |Manufacturing | Transport | Use | End-of-
Materials life

(w) Calcium (Cat++) g 0.0e+00 0.0e+00 0.0e+00] 0.0e+00] 0.0e+00
(w) Chlorides (Cl-) g 1.6e+00 3.1e-02 8.4e-02| 5.7e-02| 0.0e+00
(w) COD (Chemica Oxygenlg 5.5e-01 6.9e-03 3.3e-02| 2.2e-02| 0.0e+00
Demand)
(w) Cyanides (CN-) g 1.9e-18 5.4e-18 1.6e-20| 1.0e-20] 0.0e+00
(w) Dissolved Matter (unspecified) |g 2.9e+00 9.7e-02 2.7e-01| 1.8e-01] 0.0e+00
(w) Fluorides (F-) g 9.3e-05 2.3e-04 6.6e-07| 4.4e-07] 0.0e+00
(w) Hydrocarbons (unspecified) g 9.0e-03 2.0e-06 5.4e-06] 3.6e-06| 0.0e+00
(w) Metals (unspecified) g 4.2e-02 5.2e-05 1.6e-04] 1.1e-04] 0.0e+00
(w) Nitrates (NO3-) g 6.4e-02 5.4e-05 1.6e-07| 1.1e-07] 0.0e+00
(w) Nitrogenous Matter|g 1.1e-03 0.0e+00 0.0e+00| 0.0e+00] 0.0e+00
(unspecified, as N)
(w) Qils (unspecified) g 9.0e-02 4.7e-04 2.0e-03| 1.3e-03] 0.0e+00
(w) Phenols g 8.0e-04 1.6e-05 7.6e-05| 5.1e-05] 0.0e+00
(w) Phosphates (PO4 3-, HPO4--, |g 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0et+00
H2PO4-, H3PO4, as P)
(w) Sodium (Nat) g 1.2e+00 4.0e-02 1.1e-01| 7.3e-02] 0.0e+00
(w) Sulfates (SO4--) g 8.9e-02 4.8e-05 1.4e-07| 9.3e-08] 0.0e+00
(w) Suspended Matter (unspecified) |g 2.3e-01 3.7e-03 1.8e-02] 1.2e-02] 0.0e+00




Blown Cédllulose - L C Stage

Article Units] Raw |Manufacturing | Transport | Use | End-of-
Materials life

Waste (50 years - prorated) kg  ]0.0e+00 0.0e+00 0.0e+00| 0.0e+00] 1.3e+00
Waste (End-of-Life) kg  ]0.0e+00 0.0e+00 0.0e+00| 0.0e+00] 1.3e+00
Waste (first replacement) kg  ]0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
Waste (installation) kg  ]0.0e+00 0.0e+00 0.0e+00| 3.3e-01] 6.6e-02
Waste (Mfg.) kg 1.1e-02 2.3e-02 1.0e-04| 6.8e-05] 0.0e+00
Waste (non-recyclable, 50-year)  |kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00] 0.0e+00
Waste (second replacement) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00] 0.0e+00
E Feedstock Energy MJ  |5.4e+00 0.0e+00 0.0e+00| 0.0e+00] 0.0e+00
E Fuel Energy MJ  |1.4et+01 3.1e+00 2.8e-01| 1.9e-01] 0.0e+00
E Non Renewable Energy MJ  ]1.9e+01 3.0e+00 2.8e-01| 1.9e-01] 0.0e+00
E Renewable Energy MJ [6.1e-02 9.7¢-02 2.8e-:04| 1.9e-04] 0.0e+00
E Tota Primary Energy MJ  ]1.9e+01 3.1e+00 2.8e-01| 1.9e-01] 0.0e+00
E Fuel Energy MJ
E Non Renewable Energy MJ
E Renewable Energy MJ




Table 9: Life Cycle Inventory, R-11 Fiberglass
R-11 Fiberglass- L C Stage
Article Units| Raw [|Manufacturing | Transport Use | End-of-
Materials life

(r) Baryte (in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
() Bauxite (AI203.2H20, ore) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
() Bentonite (Al203.4Si02.H20, injkg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
ground)
(r) Borax (Na20.2B203.10H20) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
() Clay (in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Coal (in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Copper (Cu, Ore) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Diabase Rock kg 7.5e-07 1.4e-08 0.0e+00| 0.0e+00| 0.0e+00
(r) Dolomite (CaCO3.MgCO3, injkg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
ground)
(r) Feldspar (ore) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00( 0.0e+00
(r) Granite (in ground) kg 1.3e-02 3.8e-03 3.6e-06| 0.0e+00| 0.0e+00
(r) Gravel (in ground) kg 4.8e-03 3.7e-02 5.3e-05( 0.0e+00| 0.0e+00
(r) Gypsum (CaS04: in ground) kg 3.4e-03 1.8e-01 6.2e-04| 0.0e+00| 0.0e+00
(r) limenite Ore (in ground) kg 7.4e-08 1.6e-05 1.4e-07| 0.0e+00| 0.0e+00
(r) Iron (Fe, ore) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Jute kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00( 0.0e+00
(r) Kaolin (Al203.2Si02.2H20, ore) [kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Limestone (CaCOg3, in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00( 0.0e+00
(r) Natural Gas (in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Qil (in ground) kg 3.7e-02 6.1e-09 0.0e+00| 0.0e+00( 0.0e+00
(r) Perlite (SiO2, ore) kg 1.1e-04 1.8e-05 0.0e+00| 0.0e+00| 0.0e+00
(r) Phosphate Rock (in ground) kg 3.3e-08 4.7e-07 4.6e-10| 0.0e+00| 0.0e+00
(r) Pine Rosin kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Potash (K20, in ground) kg 0.0e+00 1.1e-05 0.0e+00| 0.0e+00( 0.0e+00
(r) Potassium (ore) kg 3.7e-03 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Pyrite (FeS2, ore) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00( 0.0e+00
(r) Sand (in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Sodium Chloride (NaCl, inJkg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00( 0.0e+00
ground or in sea)
(r) Uranium (U, ore) kg 9.5e-02 1.6e-01 8.6e-05| 0.0e+00| 0.0e+00
(r) Wastepaper kg 0.0e+00 0.0e+00 0.0e+00| 1.0e+00| 0.0e+00
(r) Wood (standing) m3 0.0e+00 7.0e-02 6.9e-02| 0.0e+00| 0.0e+00
Cullet (from stock) kg 0.0e+00 1.7e-01 0.0e+00| 0.0e+00( 0.0e+00
Fly Ash kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
Iron Ore Slag kg 1.2e-05 1.0e-04 6.4e-08( 0.0e+00| 0.0e+00
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R-11 Fiber

glass- LC Stage

Article Units Raw |Manufacturing | Transport Use | End-of-
Materials life

Recovered Solids (iron scraps) kg 2.0e-07 2.1e-05 2.6e-09| 0.0e+00| 0.0e+00
Water Used (total) liter 7.3e-08 3.9e-05 1.4e-07| 0.0e+00| 0.0e+00
Sq Foot of Insulation (Cellulose) Sq Ft 0.0e+00 3.5e+00 0.0e+00| 0.0e+00| 0.0e+00
Cellulose Insulation kg 1.1e+01 1.7e+02 2.1e+00| 0.0e+00| 0.0e+00
Component 2 NA 5.1e-03 7.3e-02 1.8e-03| 0.0e+00(| 0.0e+00
Component 3 NA 5.0e-09 1l.1e-12 1.3e-15| 0.0e+00| 0.0e+00
(a) Aldehydes g 3.9e-03 8.6e-02 1.9e-06| 0.0e+00| 0.0e+00
(&) Ammonia (NH3) g 3.7e-02 5.3e-02 1.0e-03| 0.0e+00| 0.0e+00
(a) Benzene g 4.6e-02 1.3e-01 8.1e-04| 0.0e+00| 0.0e+00
(a) Carbon Dioxide (CO2, biomass) g 7.2e-04 1.1e-02 1.0e-05| 0.0e+00| 0.0e+00
(a) Carbon Dioxide (CO2, fossil) |9 7.7e-05 1.3e-03 1.3e-06| 0.0e+00| 0.0e+00
(a) Carbon Monoxide (CO) g 2.3e-05 1.3e-03 4.5e-06| 0.0e+00| 0.0e+00
(a) Fluorides (F-) g 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(a) Formaldehyde g 4.4e+01 9.9e+03 8.4e+01| 0.0e+00( 0.0e+00
(a) Hydrocarbons (except methane) |g 2.6e-02 4.0e-01 7.1e-04| 0.0e+00| 0.0e+00
(&) Hydrocarbons (unspecified) g 5.2e-02 4.8e-01 4.8e-03| 0.0e+00| 0.0e+00
(a) Hydrogen Chloride (HCI) g 4.6e-04 8.4e-03 3.8e-04| 0.0e+00| 0.0e+00
(a) Hydrogen Fluoride (HF) g 3.0e-05 3.6e-04 2.9e-07| 0.0e+00| 0.0e+00
(a) Hydrogen Sulfide (H2S) g 1.0e+00 1.4e+00 5.0e-03| 0.0e+00| 0.0e+00
(@) Lead (Pb) g 0.0e+00 5.0e-01 0.0e+00| 0.0e+00| 0.0e+00
(a) Metals (unspecified) g 5.0e-02 1.7e+00 3.0e-03| 0.0e+00| 0.0e+00
(a) Methane (CH4) g 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(@) Nitrogen Oxides (NOx as NO2) [g 2.2e-04 8.2e-06 0.0e+00| 0.0e+00| 0.0e+00
(a) Nitrous Oxide (N20) g 5.5e-05 7.1e-03 6.0e-05( 0.0e+00| 0.0e+00
(a) Organic Matter (unspecified) g 0.0e+00 1.1e-05 0.0e+00| 0.0e+00| 0.0e+00
(a) Particulates (unspecified) g 2.8e-15 4.9e-14 4.8e-17| 0.0e+00| 0.0e+00
(a) Phenolics g 4.8e-02 5.1e-02 4.1e-04| 0.0e+00| 0.0e+00
(a) Sulfur Oxides (SOx as SO2) g 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(& Volatile Organic Compounds|g 9.6e-03 2.5e+00 8.8e-03| 0.0e+00| 0.0e+00
(VOCs)
(w) Acids (H+) g 8.4e-02 4.3e-01 3.5e-03| 0.0e+00| 0.0e+00
(w) Ammonia (NH4+, NH3,as N) |9 9.6e-20 1.7e-18 1.6e-21| 0.0e+00| 0.0e+00
(w) AOX (Adsordable Organiclg 1.9e-02 8.0e+00 2.8e-02| 0.0e+00| 0.0e+00
Halogene)
(w) Benzene g 5.0e-06 7.1e-05 6.9e-08( 0.0e+00| 0.0e+00
(w) BOD5 (Biochemical Oxygen]g 3.2e-04 1.6e-04 5.7e-07| 0.0e+00| 0.0e+00
Demand)
(w) Calcium (Cat++) g 1.2e-03 4.0e-03 1.7e-05| 0.0e+00| 0.0e+00
(w) Chlorides (CI-) g 9.0e-06 1.7e-05 1.6e-08| 0.0e+00| 0.0e+00

B-16




R-11 Fiber

glass- LC Stage

Article Units Raw |Manufacturing | Transport Use | End-of-
Materials life

(w) COD (Chemical Oxygen|g 3.9e-05 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
Demand)
(w) Cyanides (CN-) g 5.7e-04 3.2e-02 2.0e-04| 0.0e+00| 0.0e+00
(w) Dissolved Matter (unspecified) [g 6.5e-06 9.3e-04 7.9e-06| 0.0e+00| 0.0e+00
(w) Fluorides (F-) g 4.9e-06 0.0e+00 0.0e+00| 0.0e+00( 0.0e+00
(w) Hydrocarbons (unspecified) g 7.3e-03 3.3e+00 1.1e-02| 0.0e+00| 0.0e+00
(w) Metals (unspecified) g 5.5e-04 1.3e-04 1.5e-08| 0.0e+00| 0.0e+00
(w) Nitrates (NO3-) g 6.5e-02 2.2e-01 1.9e-03| 0.0e+00| 0.0e+00
(w) Nitrogenous Matter (unspecified, |g 0.0e+00 0.0e+00 0.0e+00| 0.0e+00( 0.0e+00
as N)
(w) Oils (unspecified) g 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(w) Phenols g 0.0e+00 0.0e+00 0.0e+00| 0.0e+00( 0.0e+00
(w) Phosphates (PO4 3-, HPO4--,|g 0.0e+00 0.0e+00 0.0e+00| 1.2e-02| 0.0e+00
H2PO4-, H3PO4, as P)
(w) Sodium (Na+) g 5.2e-03 8.1e-03 1.1e-05| 0.0e+00| 0.0e+00
(w) Sulfates (SO4--) g 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 2.3e-01
(w) Suspended Matter (unspecified) |g 0.0e+00 0.0e+00 0.0e+00| 0.0e+00( 0.0e+00
Waste (50 years - prorated) kg 1.3e-01 7.3e+00 0.0e+00| 0.0e+00( 0.0e+00
Waste (End-of-Life) kg 3.2e-01 3.1e+00 2.9e-02| 0.0e+00| 0.0e+00
Waste (first replacement) kg 4.4e-01 1.0e+01 2.9e-02( 0.0e+00| 0.0e+00
Waste (installation) kg 3.0e-03 1.9e-01 2.9e-05( 0.0e+00| 0.0e+00
Waste (Mfg.) kg 4.5e-01 1.0e+01 2.9e-02( 0.0e+00| 0.0e+00
Waste (non-recyclable, 50-year) |kg
Waste (second replacement) kg
E Feedstock Energy MJ
E Fuel Energy MJ
E Non Renewable Energy MJ
E Renewable Energy MJ
E Total Primary Energy MJ
E Fuel Energy MJ
E Non Renewable Energy MJ
E Renewable Energy MJ
E Total Primary Energy MJ




Table 10: Life CycleInventory, R-15 Fiberglass

R-15 Fiberglass - LC Stage

Article Units Raw |Manufacturing | Transport Use | End-of-
Materials life

(r) Baryte (in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Bauxite (Al203.2H20, ore) kg 3.4e-06 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Bentonite (Al203.4Si02.H20, in|kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
ground)
(r) Borax (Na20.2B203.10H20) kg 1.1e-02 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Clay (in ground) kg 2.6e-07 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Coal (in ground) kg 5.5e-03 5.4e-02 6.3e-05| 0.0e+00| 0.0e+00
(r) Copper (Cu, Ore) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00( 0.0e+00
(r) Diabase Rock kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Dolomite (CaC03.MgCO3, injkg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00( 0.0e+00
ground)
(r) Feldspar (ore) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Granite (in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Gravel (in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Gypsum (CaSO4: in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) llmenite Ore (in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Iron (Fe, ore) kg 2.5e-06 1.4e-08 0.0e+00| 0.0e+00| 0.0e+00
(r) Jute kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Kaolin (Al203.2Si02.2H20, ore) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Limestone (CaCOg3, in ground) kg 4.4e-02 1.0e-02 1.2e-05| 0.0e+00| 0.0e+00
(r) Natural Gas (in ground) kg 1.6e-02 9.5e-02 1.7e-04| 0.0e+00| 0.0e+00
(r) Qil (in ground) kg 1.1e-02 1.8e-01 2.0e-03| 0.0e+00| 0.0e+00
(r) Perlite (SiO2, ore) kg 2.4e-07 1.6e-05 4.6e-07| 0.0e+00| 0.0e+00
(r) Phosphate Rock (in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Pine Rosin kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Potash (K20, in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Potassium (ore) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Pyrite (FeS2, ore) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Sand (in ground) kg 1.2e-01 6.1e-09 0.0e+00| 0.0e+00| 0.0e+00
(r) Sodium Chloride (NaCl, injkg 3.5e-04 1.8e-05 0.0e+00| 0.0e+00| 0.0e+00
ground or in sea)
(r) Uranium (U, ore) kg 1.1e-07 1.3e-06 1.5e-09| 0.0e+00| 0.0e+00
(r) Wastepaper kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Wood (standing) m3 0.0e+00 1.1e-05 0.0e+00| 0.0e+00( 0.0e+00
Cullet (from stock) kg 1.2e-02 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
Fly Ash kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00( 0.0e+00
Iron Ore Slag kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
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R-15 Fiberglass - LC Stage

Article Units Raw |Manufacturing | Transport Use | End-of-
Materials life

Recovered Solids (iron scraps) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
Water Used (total) liter 3.1e-01 1.6e-01 2.8e-04| 0.0e+00| 0.0e+00
Sq Foot of Insulation (Cellulose) Sq Ft 0.0e+00 0.0e+00 0.0e+00| 1.0e+00| 0.0e+00
Cellulose Insulation kg 0.0e+00 2.3e-01 2.3e-01| 0.0e+00| 0.0e+00
Component 2 NA 0.0e+00 1.7e-01 0.0e+00| 0.0e+00| 0.0e+00
Component 3 NA 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(a) Aldehydes g 4.0e-05 2.1e-04 2.1e-07| 0.0e+00| 0.0e+00
(@) Ammonia (NH3) g 6.7e-07 2.1e-05 8.7e-09( 0.0e+00| 0.0e+00
(a) Benzene g 2.4e-07 3.9e-05 4.6e-07| 0.0e+00| 0.0e+00
(a) Carbon Dioxide (CO2, biomass) g 0.0e+00 3.5e+00 0.0e+00| 0.0e+00| 0.0e+00
(a) Carbon Dioxide (CO2, fossil) |9 3.6e+01 4.2e+02 6.8e+00| 0.0e+00| 0.0e+00
(a) Carbon Monoxide (CO) g 1.7e-02 1.2e-01 6.0e-03| 0.0e+00| 0.0e+00
(a) Fluorides (F-) g 1.6e-08 2.9e-12 4.4e-15( 0.0e+00| 0.0e+00
(a) Formaldehyde g 1.3e-02 2.8e-01 6.1e-06( 0.0e+00| 0.0e+00
(a) Hydrocarbons (except methane) |g 1.2e-01 5.4e-02 3.4e-03| 0.0e+00| 0.0e+00
(&) Hydrocarbons (unspecified) g 1.5e-01 1.3e-01 2.7e-03| 0.0e+00| 0.0e+00
(a) Hydrogen Chloride (HCI) g 2.4e-03 2.9e-02 3.4e-05| 0.0e+00| 0.0e+00
(a) Hydrogen Fluoride (HF) g 2.5e-04 3.6e-03 4.3e-06| 0.0e+00| 0.0e+00
(a) Hydrogen Sulfide (H2S) g 7.6e-05 1.4e-03 1.5e-05| 0.0e+00| 0.0e+00
(@) Lead (Pb) g 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(a) Metals (unspecified) g 1.5e+02 9.9e+03 2.8e+02| 0.0e+00| 0.0e+00
(a) Methane (CH4) g 8.6e-02 9.1e-01 2.3e-03| 0.0e+00| 0.0e+00
(@) Nitrogen Oxides (NOx as NO2) [g 1.7e-01 1.2e+00 1.6e-02| 0.0e+00| 0.0e+00
(a) Nitrous Oxide (N20) g 1.5e-03 1.1e-02 1.2e-03| 0.0e+00| 0.0e+00
(a) Organic Matter (unspecified) g 9.9e-05 8.7e-04 9.6e-07| 0.0e+00| 0.0e+00
(a) Particulates (unspecified) g 3.3e+00 4.5e+00 1.6e-02| 0.0e+00| 0.0e+00
(a) Phenolics g 0.0e+00 1.6e+00 0.0e+00| 0.0e+00| 0.0e+00
(a) Sulfur Oxides (SOx as SO2) g 1.7e-01 4.3e+00 1.0e-02| 0.0e+00| 0.0e+00
(@) Volatile Organic Compounds|g 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(VOCs)
(w) Acids (H+) g 7.4e-04 8.2e-06 0.0e+00| 0.0e+00| 0.0e+00
(w) Ammonia (NH4+, NH3,as N) |9 1.8e-04 7.2e-03 2.0e-04| 0.0e+00| 0.0e+00
(w) AOX (Adsordable Organiclg 0.0e+00 1.1e-05 0.0e+00| 0.0e+00| 0.0e+00
Halogene)
(w) Benzene g 9.3e-15 1.3e-13 1.6e-16| 0.0e+00| 0.0e+00
(w) BOD5 (Biochemical Oxygen]g 1.6e-01 5.2e-02 1.4e-03| 0.0e+00| 0.0e+00
Demand)
(w) Calcium (Cat++) g 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(w) Chlorides (CI-) g 3.2e-02 2.5e+00 2.9e-02( 0.0e+00| 0.0e+00
(w) COD (Chemical Oxygen|g 2.8e-01 4.4e-01 1.2e-02| 0.0e+00| 0.0e+00
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R-15 Fiberglass - LC Stage

Article Units Raw |Manufacturing | Transport Use | End-of-
Materials life

Demand)
(w) Cyanides (CN-) g 3.2e-19 4.6e-18 5.4e-21| 0.0e+00| 0.0e+00
(w) Dissolved Matter (unspecified) [g 6.2e-02 8.0e+00 9.2e-02| 0.0e+00| 0.0e+00
(w) Fluorides (F-) g 1.7e-05 1.9e-04 2.3e-07| 0.0e+00| 0.0e+00
(w) Hydrocarbons (unspecified) g 1.1e-03 1.6e-04 1.9e-06| 0.0e+00| 0.0e+00
(w) Metals (unspecified) g 4.0e-03 4.1e-03 5.6e-05( 0.0e+00| 0.0e+00
(w) Nitrates (NO3-) g 3.0e-05 4.6e-05 5.4e-08| 0.0e+00| 0.0e+00
(w) Nitrogenous Matter (unspecified, |g 1.3e-04 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
as N)
(w) Oils (unspecified) g 1.9e-03 3.2e-02 6.8e-04| 0.0e+00| 0.0e+00
(w) Phenols g 2.1e-05 9.4e-04 2.6e-05( 0.0e+00| 0.0e+00
(w) Phosphates (PO4 3-, HPO4--, |g 1.6e-05 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
H2PO4-, H3PO4, as P)
(w) Sodium (Na+) g 2.4e-02 3.3e+00 3.8e-02( 0.0e+00| 0.0e+00
(w) Sulfates (SO4--) g 1.8e-03 1.6e-04 4.8e-08| 0.0e+00| 0.0e+00
(w) Suspended Matter (unspecified) |g 2.1e-01 2.2e-01 6.2e-03| 0.0e+00| 0.0e+00
Waste (50 years - prorated) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
Waste (End-of-Life) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00( 0.0e+00
Waste (first replacement) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
Waste (installation) kg 0.0e+00 0.0e+00 0.0e+00| 2.0e-02| 0.0e+00
Waste (Mfg.) kg 1.7e-02 2.1e-02 3.5e-05| 0.0e+00| 0.0e+00
Waste (non-recyclable, 50-year) |kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00( 3.8e-01
Waste (second replacement) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
E Feedstock Energy MJ 4.3e-01 7.3e+00 0.0e+00| 0.0e+00( 0.0e+00
E Fuel Energy MJ 1.0e+00 7.6e+00 9.7e-02| 0.0e+00| 0.0e+00
E Non Renewable Energy MJ 1.5e+00 1.5e+01 9.7e-02| 0.0e+00| 0.0e+00
E Renewable Energy MJ 9.9e-03 2.4e-01 9.7e-05| 0.0e+00| 0.0e+00
E Total Primary Energy MJ 1.5e+00 1.5e+01 9.7e-02| 0.0e+00| 0.0e+00
E Fuel Energy MJ
E Non Renewable Energy MJ
E Renewable Energy MJ
E Total Primary Energy MJ




Table 11: Life Cycle Inventory, Mineral Wool

Mineral Wool - L C Stage

Article Units Raw |Manufacturing | Transport Use | End-of-
Materials life

(r) Baryte (in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Bauxite (AI203.2H20, ore) kg 3.0e-06 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Bentonite (AI203.4Si02.H20, injkg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
ground)
(r) Borax (Na20.2B203.10H20) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Clay (in ground) kg 2.2e-07 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Coal (in ground) kg 7.1e-03 8.2e-02 9.5e-05| 3.2e-05| 0.0e+00
(r) Copper (Cu, Ore) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Diabase Rock kg 6.7e-02 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Dolomite (CaC0O3.MgCO3, in ground) |kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Feldspar (ore) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Granite (in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Gravel (in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Gypsum (CaSO4: in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) llmenite Ore (in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Iron (Fe, ore) kg 2.1e-06 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Jute kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Kaolin (Al203.2Si02.2H20, ore) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Limestone (CaCQO3, in ground) kg 1.1e-03 1.5e-04 1.8e-05| 6.0e-06| 0.0e+00
(r) Natural Gas (in ground) kg 1.3e-02 1.3e-01 2.6e-04| 8.8e-05| 0.0e+00
(r) Oil (in ground) kg 1.2e-02 2.0e-03 3.0e-03 1.0e-03| 0.0e+00
(r) Perlite (SiO2, ore) kg 6.2e-07 8.0e-08 6.9e-07| 2.3e-07| 0.0e+00
(r) Phosphate Rock (in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Pine Rosin kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Potash (K20, in ground) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Potassium (ore) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Pyrite (FeS2, ore) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Sand (in ground) kg 5.7e-08 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Sodium Chloride (NaCl, in ground or [kg 2.4e-04 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
in sea)
(r) Uranium (U, ore) kg 1.5e-07 1.9e-08 2.3e-09| 7.6e-10| 0.0e+00
(r) Wastepaper kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(r) Wood (standing) m3 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
Cullet (from stock)- kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
Fly Ash kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
Iron Ore Slag kg 2.7e-01 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
Recovered Solids (iron scraps) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
Water Used (total) liter 3.0e-01 7.2e-05 4.2e-04| 1.4e-04| 0.0e+00
Sq Foot of Insulation (Cellulose) Sq Ft 0.0e+00 0.0e+00 0.0e+00| 1.0e+00| 0.0e+00
Cellulose Insulation kg 0.0e+00 3.4e-01 3.4e-01| 3.4e-01| 0.0e+00
Component 2 NA 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
Component 3 NA 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(a) Aldehydes g 8.8e-05 7.9e-04 3.1e-07 1.1e-07| 0.0e+00
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Mineral Wool - L C Stage

Article Units Raw |Manufacturing | Transport Use | End-of-
Materials life

(@) Ammonia (NH3) g 2.0e-05 4.4e-09 1.3e-08| 4.4e-09| 0.0e+00
(a) Benzene g 6.1e-07 7.9e-08 6.8e-07| 2.3e-07| 0.0e+00
(a) Carbon Dioxide (CO2, biomass) g 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(a) Carbon Dioxide (CO2, fossil) g 5.0e+01 6.1e+01 1.0e+01| 3.5e+00| 0.0e+00
(a) Carbon Monoxide (CO) g 2.1e-02 7.3e-02 8.9e-03 1.5e-02| 0.0e+00
(a) Fluorides (F-) g 1.0e-08 6.5e-03 6.6e-15| 2.2e-15| 0.0e+00
(a) Formaldehyde g 8.0e-03 1.1e-06 9.1e-06| 3.1e-06| 0.0e+00
(a) Hydrocarbons (except methane) g 8.8e-02 1.8e+00 5.1e-03 1.8e-03| 0.0e+00
(a) Hydrocarbons (unspecified) g 1.6e-01 1.4e-03 4.0e-03 1.3e-03| 0.0e+00
(a) Hydrogen Chloride (HCI) g 3.5e-03 4.2e-04 5.1e-05 1.7e-05| 0.0e+00
(a) Hydrogen Fluoride (HF) g 4.0e-04 1.1e-04 6.4e-06| 2.1e-06| 0.0e+00
(a) Hydrogen Sulfide (H2S) g 6.4e-05 3.1e-06 2.2e-05| 7.5e-06| 0.0e+00
(a) Lead (Pb) g 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(a) Metals (unspecified) g 3.7e+02 4.8e+01 4.2e+02| 1.4e+02| 0.0e+00
(a) Methane (CH4) g 8.3e-02 6.5e-01 3.5e-03 1.3e-03| 0.0e+00
(a) Nitrogen Oxides (NOx as NO2) g 1.9e-01 1.2e-01 2.4e-02| 5.4e-02| 0.0e+00
(a) Nitrous Oxide (N20) g 3.1e-03 3.5e-02 1.9e-03 1.1e-04| 0.0e+00
(a) Organic Matter (unspecified) g 1.9e-04 1.6e-03 1.4e-06| 4.8e-07| 0.0e+00
(a) Particulates (unspecified) g 6.2e-01 8.0e-01 2.4e-02 1.8e-03| 0.0e+00
(a) Phenolics g 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(a) Sulfur Oxides (SOx as SO2) g 2.0e-01 3.5e+00 1.5e-02| 4.9e-03| 0.0e+00
(a) Volatile Organic Compounds (VOCs) g 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(w) Acids (H+) g 6.6e-04 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(W) Ammonia (NH4+, NH3, as N) g 3.4e-04 3.7e-05 3.0e-04| 1.0e-04| 0.0e+00
(w) AOX (Adsordable Organic Halogene) |g 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(w) Benzene g 1l.4e-14 1.9e-15 2.4e-16| 7.9e-17| 0.0e+00
(w) BOD5 (Biochemical Oxygen |g 1.0e-01 2.5e-04 2.0e-03| 6.8e-04| 0.0e+00
Demand)
(w) Calcium (Ca++) g 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
(w) Chlorides (CI-) g 5.1e-02 5.4e-03 4.4e-02 1.5e-02| 0.0e+00
(w) COD (Chemical Oxygen Demand) |g 1.9e-01 2.1e-03 1.7e-02| 5.8e-03| 0.0e+00
(w) Cyanides (CN-) g 4.9e-19 6.6e-20 8.0e-21| 2.7e-21| 0.0e+00
(w) Dissolved Matter (unspecified) g 1.5e-01 1.7e-02 1.4e-01| 4.6e-02| 0.0e+00
(w) Fluorides (F-) g 2.3e-05 2.8e-06 3.4e-07 1.1e-07| 0.0e+00
(w) Hydrocarbons (unspecified) g 9.5e-04 3.5e-07 2.8e-06| 9.4e-07| 0.0e+00
(w) Metals (unspecified) g 3.4e-03 1.0e-05 8.4e-05| 2.8e-05| 0.0e+00
(w) Nitrates (NO3-) g 3.6e-05 6.6e-07 8.1e-08| 2.7e-08| 0.0e+00
(w) Nitrogenous Matter (unspecified, as |g 1.1e-04 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
N)
(w) Oils (unspecified) g 2.3e-03 1.2e-04 1.0e-03| 3.4e-04| 0.0e+00
(w) Phenols g 4.3e-05 4.7e-06 3.9e-05| 1.3e-05| 0.0e+00
(w) Phosphates (PO4 3-, HPO4--,|g 2.4e-05 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
H2PO4-, H3PO4, as P)
(w) Sodium (Na+) g 5.5e-02 7.0e-03 5.6e-02 1.9e-02| 0.0e+00
(w) Sulfates (SO4--) g 1.2e-03 5.9e-07 7.2e-08| 2.4e-08| 0.0e+00
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Mineral Wool - L C Stage

Article Units Raw |Manufacturing | Transport Use | End-of-
Materials life

(w) Suspended Matter (unspecified) g 1.4e-01 1.1e-03 9.3e-03| 3.1e-03| 0.0e+00
Waste (50 years - prorated) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
Waste (End-of-Life) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
Waste (first replacement) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
Waste (installation) kg 0.0e+00 0.0e+00 0.0e+00| 2.2e-02| 0.0e+00
Waste (Mfg.) kg 8.1e-03 6.8e-02 5.2e-05 1.7e-05| 0.0e+00
Waste (non-recyclable, 50-year) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 3.3e-01
Waste (second replacement) kg 0.0e+00 0.0e+00 0.0e+00| 0.0e+00| 0.0e+00
E Feedstock Energy MJ 7.5e-01 2.3e-03 0.0e+00| 0.0e+00| 0.0e+00
E Fuel Energy MJ 7.1e-01 9.5e+00 1.5e-01| 4.9e-02| 0.0e+00
E Non Renewable Energy MJ 1.4e+00 9.5e+00 1.5e-01| 4.9e-02| 0.0e+00
E Renewable Energy MJ 1.3e-02 7.9e-03 1.4e-04| 4.9e-05| 0.0e+00
E Total Primary Energy MJ 1.5e+00 9.5e+00 1.5e-01| 4.9e-02| 0.0e+00
E Fuel Energy j MJ
E Non Renewable Energy MJ
E Renewable Energy MJ
E Total Primary Energy MJ




Appendix C: Asphalt Coating Case Study

Goal and Scope Definition

Goal

Animportant goa of this study wasto evaluate whether asmall vendor would be capable of gathering
the data necessary for alife cycle assessment, in atimely fashion. If this proved to be impossible, the
application of LCA for EPP would present a significant barrier for small businesses seeking to sell
goodsto the Federal government. Asphalt Systems, asmall manufacturer of asphalt emulsionsin Utah,
participated in providing site specific information on the manufacture, application and use of asphalt
emulsions and hot mix asphalt.

I ntended Applications and Audiences

The LCA itself wasintended to be used to support acomparative assertion of environmental superiority
of a product over a competing product in the context of the Federal requirement for environmentally
preferable purchasing. Audiencesinclude purchasing agentsaswell asother federal and stateofficials.
An ancillary use of the study isto support efforts towards environmental improvement.

Scope

Description of the Product

The productseval uated represented two methods of maintaining roads:. applyingathinlayer (1.5inches
thick) of asphalt cement and applying an asphalt emulsion containing a natural mineral product,
gilsonite. Both of these products are applied to asphalt roads before significant deterioration has
occurred (three to five yearsinto the life of the road), and neither adds structural strength to the road.
Each extends the life of the road considerably. In the case of the asphalt emulsion, for three to five
years, and in the case of the asphalt cement thin layer, seven to nine years. There are some other
specialized methods for maintaining asphalt cement roadways, but these tend to be based on trade
secret chemical compositions, and were not included in this study.

Asphalt emulsion is applied by spraying diluted emulsion from adistributor truck that simultaneously
spreads sand onto the emulsion. Application is at ambient temperature. A thin layer of asphalt cement
isapplied by first spreading atack coat (consisting of a smple asphalt emulsion) with a distributor
truck, then applying a layer of asphalt, and finally rolling the layer of asphalt to assure a smooth
surface. Typicaly, the asphalt cement is manufactured near the construction site at a hot-mix asphalt
cement plant, which heatsthe asphalt and mixesit with aggregate, which isthen trucked to theroad site
and applied as above. Asphalt cement must be applied at 165°F or above. Traffic can ensue oneto two
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hours after application is complete.
System Function and Functional Unit

The function provided by the alternative products is the maintenance of good quality roads (fiveon a
scale of ten). The functiona unit is twenty years of one lane mile. The inventory includes two
application of the thin layer of asphalt cement, and five applications of the asphalt emulsion.

System Boundaries

The system studied included all unit processes except those used for the production of hydrochloric
acid. This material comprised less that one percent of the total mass of the products, and it was
expected from the composition of the materials that the acid would be neutralized in use.

All inputs and outputs were accounted for as long as they comprised at least:
1. One percent of the mass

2. One percent of the energy, or

3. One percent of the expected toxicity scores

Primary datawas not available for the asphalt production, but was gathered from published sources.
Information on the production of the asphat emulsion and the tack coat was obtained from the
manufacturer, as was information on the application of the asphalt emulsion, the tack coat and thethin
layer of asphalt cement. The flow charts below identify the systems under study.
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Data Gathering

Ingeneral, datagathering was quiterapid. The entire datagathering exercisefor thisproject took place
over two months (January-March 1999). This situation was aided by the simple nature of the materials
under study. However, there were some difficulties that were encountered. For example, the source of
the asphalt in the emulsions and tack coat (alarge refining company) was not willing to provide site-
specific information to this small vendor. Consequently, industry average data, obtained from the
American Petroleum Institute (API) was used for estimating the inventories of this material.

Secondly, it was not possible to obtain site-specific information from any vendor that was not adirect
vendor to the manufacturer. Thus the inventory results from some products that were obtained from a
distributor (e.g. HCI and some detergents) were derived from data bases.

Finally, the contents of some materials (emulsifiers) are considered to be trade secrets. The issue of
trade secretsisacommon onein LCA's, no matter what size of vendor one might be evaluating. Some
of the trade secret material are considered to be potentialy ecotoxic, and that is reflected in the
analysis reported here.

Allocation

All allocation of emissionsand resource use was performed based on amassbasis. Thiswasrequired
for the production of asphalt, and for transportation inventory results, but not for other inventory data.

I mpact Assessment

Impact assessment was performed based on the FRED L CA systemindicators, asdescribed in the body
of thiswork. The assignment of inventory data to impact categoriesis shown in the table below.



Table 1. Assignment of Inventory Resultsto Impact Categories

Inventory Result

Impact Category

Justification

Fossil Fuels and Uranium

Resource Depletion

Although Uranium is not truly a
fossil fud, itis"used up” ina
precisely comparable fashion

CO,, N0, Methane

Globa Warming

These are important greenhouse
gases which do not participate to a
great extent in other impact
categories

CO

Human Toxicity
Photochemical Smog
Global Warming;

COisahuman and animal toxicant,
aswell as a precursor to ozone
formation and a greenhouse gas. It
can participate in the first two of
these environmental mechanisms
without losing its potency for the
others.

CFC's, HCFC's, Halons

Globa Warming 100%

These substances participate fully in

Stratospheric Ozone both of these parallel environmental
Depletion 100% mechanisms
SO, Acidification 100% Although SO2 contributes to
visibility deterioration, and human
health effects through the formation
of Particulate Matter, these
environmental mechanisms are not
addressed by FRED.
HCl, HF Acidification 100% These acid gases have minor human
Human Health 100% health effects as well as contributing
to acidification. It was thought that
double counting would not
significantly skew results.
Toxic Air and Water Human Toxicity 100% Since it was not possible to
Emissions Ecotoxicity 100% eva uate the partitioning of these

substances, they were double
counted so as not to underestimate
their impacts.

NOx Acidification 100% Since FRED does not currently
Eutrophication 100% evaluate the fate and transport of
NOx, this emission was double
counted.
VOC's, ROG's Photochemical Smog These are the essentia precursorsto
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Inventory Result Impact Category Justification

Although some of them areaso
toxic, unspeciated data does not
permit atoxic evaluation.

NH, Eutrophication (water Although NH4 is not an acid gas, it
emissions); acidification | undergoes changesin the soil
(air Emissions) leading to acidification effects.

PO, Eutrophication 100% Phosphate does not participate in
any other environmental mechanism
described by the FRED
methodol ogy

The table below shows the gross inventory for the two options, normalized to the functional unit. The
functiona unitistwenty yearsof onelanemile. Theinventory includestwo application of thethin layer
of asphalt cement, and five applications of the asphalt emulsion. Because theinformation about asphalt
cement was obtained from published sources rather than from primary data, it was not possible to
estimate the amount of land that was used to manufacture the asphalt. Sincethis product uses aggregate,
itislikely that the mining of gravel/aggregate produced somewhat higher land use than the manufacture
of the emulsion, perhaps ten times as much. However, the land use during manufacturing of materials
isvery smal. Even assuming that the production of hot mix asphalt used ten times as much land, this
would still be much smaller than the land use associated with the road itself. Thus, the land use
difference between the two productsis probably not significant.

Inventory

The Tablebel ow showsthe Summary inventory for thetwo products compared. A full inventory by life
cycle stage can be found in Tables 6 and 7.



Table2. Summary Inventory

System Description Asphalt Cement Asphalt Emulsion
Raw Materials Thin Layer (2applic) GSB88 (5 applic)
Ib/lane mile/20yr Ib/lane mile/20yr
Asphalt 122,621 47,790
Aggregate 2,181,960 0
Diesel (application) 3,063 15
Diesel to prep hotmix 884 0
Sand 0 17,600
Gilsonite 0 21,500
HCI 32 24
\Water 4,779 173,317
NP-40 (Detergent) 0 285
Surfactant 156 29
Light Cycle Qil 0 585
[Land use (road, n) 5888 5888
ILand use (mfg, m?) m”? 2




Indicator Results

The table below shows the indicator results for the two systems studied.

Table 3: LCIA Reaults

LCIA Totals
Indicator Asphalt Asphalt
Emulsion Cement

GWP (kg CO, equiv) 16547 44368
ODP (kg CFC-11) 0 0
Acidification (kg SO,) 145 344
Eutrophication (kg PO,) 0.0065 0.0151
Photochemical Smog (kg O3) 36 77
Human Toxicity

Cancer 7.97E-02 1.78E-01

NonCancer 2.02E+00 4.51E+00
Ecotoxicity 6.61E+04 2.12E+03
Resour ce Depletion

Fossil (tons oil equivalent) 3.86E+04 8.55E+04

Mineral (equiv tons) 0 0

Precious(equiv tons) 0 0
Other Indicators:

Land Use (ha) 0.6 0.6

Water Use (kg) 76982 2292

Solid Waste (kg) 31729 816165




Inter pretation

We can make several interesting observations about the two products based on the total indicator
values noted in the table above. Of the 14 indicators and sub indicators evaluated, the numbers for
asphalt emulsion were significantly lower than those for asphalt cement in 11 categories, equa intwo
categories (Stratospheric Ozone Depletion and Land Use) and greater in one category (Water Use).
However, given the overall uncertainty of these numbers, it isimportant to also look where an order
of magnitude difference occurs. An order of magnitude difference is seen between the results for
Ecotoxicity (cement is lower), Water Use (cement is lower) and Solid Waste (emulsion is lower).

Itis also possible to evaluate the sources of the various impactsin order to identify opportunities for
improvements. The table below shows the asphalt emulsion and asphalt cement indicatorsin term of

percentage of the indicators in the different life cycle stages.

Table 4. Percentage of Indicator by Life Cycle Stage, Asphalt Emulsion

Emulsion - by L C Stage

Indicator Raw Manufacturing | Transport | Use | Disposal
Materials

GWP 12 34 54 0 0
ODP 0 0 0 0 0
Acidification 15 17 69 0 0
Eutrophication 0 91 9 0 0
Photochemical Smog 20 7 73 0 0
Human Health

Cancer 13 78 10 0 0

NonCancer 10 81 9 0 0
Eco Health 90 1 10 0 0
Resour ce Depletion

Fossil 85 6 9 0 0

Mineral 0 0 0 0 0

Precious 0 0 0 0 0
Other Indicators:

Land Use 0 0 100 0

Water Use (kg) 0 28 0 72 0
Solid Waste (kg) 0 0 0 0 100




Table 5: Percentage of Indicator by Life Cycle Stage, Thin Layer Asphalt Cement

Cement - by L C Stage
Indicator Raw Manufacturing Transport | Use | Disposal
Materials

GWP 9 76 14 1 0
ODP 0 0 0 0 0
Acidification 13 66 19 2 0
Eutrophication 0 98 2 0 0
Photochemical Smog 20 20 59 0 0
Human Health

Cancer 12 85 3 0 0

Non-Cancer 9 88 2 0 0
Eco Health 26 50 21 2 0
Resour ce Depletion

Fossil 82 16 2 0 0

Mineral 0 0 0 0 0

Precious 0 0 0 0 0
Other Indicators:

Land Use 0 0 0 100 0
Water Use (kg) 0 100 0 0 0
Solid Waste (kg) 0 0 0 0 100

For the most part, the mgjority of the two products indicator results can be found in the manufacturing
and the transportation phases of the life cycle. This result supports the guidance of the FRED
methodology, which recommends more intensive data gathering efforts in the manufacturing phase for
products which are durable goods which are not energy intensive in the use phase.

Conclusons

Although there were some issues around gathering primary data for the performance of this LCA,
overal, the data gathering went quite smoothly. This was true especialy for data gathered from the
primary vendor and from one step up and one step down the vendor chain (i.e. from manufacturers of
ingredients and from contractors/customersusing the material sunder study). For goodsthat haveavery
long or complicated vendor chain, (e.g., electronics) this may not be the case.



Table6: Life Cyclelnventory, Asphalt Emulsion

Asphalt
Emulsion

Product

20 year-lane mile

Sum

Extraction

Manufacture

Transport

Disposal

Inputs

Resour ces Cod ,Bituminous Kg| 430 167 170 93 1.34E-01 0
Coal,Lignite Kg 79 31 31 17 2.46E-02 0
Coal,Subbituminous Kg 235 92 92 51 7.32E-02 0
Crude Ol Kg| 25,972 23,282 311 2,372 7 0
Gilsonite Kg| 9,336 0 9,336 0 0 0
Naturd Gas Kg|l 725 270 381 74 2.03E-01 0
uo2 Kg| 2.41E-03 | 9.43E-04 9.46E-04 5.25E-04 | 7.53E-07 0
Fresh Water Kg| 76,982 0 21,845 0 55,136 0

Land Use ha 0.6 .002 0.6

Fuels Coke,Petroleum Kg 0 0 0 0 0 0
Crude Oil Kg 0 0 0 0 0 0
Distillate Qil Kg 0 0 0 0 0 0
Digtillate Qil #1 Kg 0 0 0 0 0 0
Distillate Qil #2 Kg 0 0 0 0 0 0
Electricity kw 0 0 0 0 0 0
h
Fuel ,Other Kg 0 0 0 0 0 0




Asphalt Sum Extraction |Manufacture| Transport Use Disposal

Emulsion

Gasoline Automotive Kg 0 0 0 0 0 0

LPG Kg 0 0 0 0 0 0

Natural Gas Kg 0 0 0 0 0 0

Residual Oil Kg 0 0 0 0 0 0

Steam,Low Pressure  |btu| 8.57E-01 | 3.96E-04 7.77E-01 | 7.92E-02 | 2.39E-04 0

Still Gas Kg 0 0 0 0 0 0

I

Air 1,2,4-Trimethylbenzene |Kg| 1.25E-02 | 5.79E-06 1.14E-02 | 1.16E-03 | 3.49E-06 0
Emissions

Aldehydes,Unspeciated |Kg|2.98E+00 | 4.12E-02 1.85E-03 | 2.94E+00 | 1.34E-05 0

Ammonia Kg| 1.12E-01 | 5.16E-05 1.01E-01 | 1.03E-02 | 3.11E-05 0

Benzene Kg| 7.97E-02 | 9.98E-03 6.21E-02 | 7.60E-03 | 2.22E-05 0

Carcinogen,Unspeciated |Kg| 6.91E-03 | 3.18E-06 6.27E-03 | 6.35E-04 | 1.92E-06 0

CO Kg 73 16 11 46 8.07E-03 0

COo2 Kg| 15846 1509 5421 8914 2.48 0

Cyclohexane Kg| 2.52E-02 | 1.16E-05 2.29E-02 | 2.33E-03 | 7.01E-06 0

Ethyl Benzene Kg| 2.47E-02 | 2.49E-03 199E-02 | 2.34E-03 | 6.90E-06 0

Ethylene Kg| 3.04E-02 | 1.40E-05 2.76E-02 | 2.81E-03 | 8.46E-06 0

HCI Kg 0 0 0 0 0 0

Iso-Octane Kg| 2.63E-03 | 9.78E-04 1.38E-03 | 2.67E-04 | 7.37E-07 0

Methane Kg| 33.38 19.86 9.05 4.46 9.20E-03 0

M ethanol Kg| 1.19E-02 | 5.49E-06 1.08E-02 | 1.10E-03 | 3.31E-06 0

MTBE Kg| 2.80E-02 | 1.29E-05 2.54E-02 | 2.58E-03 | 7.79E-06 0

n-Hexane Kg| 1.71E-02 | 6.36E-03 8.99E-03 | 1.74E-03 | 4.79E-06 0
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Asphalt Sum Extraction |Manufacture| Transport Use Disposal
Emulsion
NOx Kg| 154 21.81 15.08 11757 | 1.12E-02
Organic Acids Kg| 2.45E-03 | 9.56E-04 9.60E-04 5.33E-04 | 7.64E-07
Organic Kg| 9.25E-03 | 3.61E-03 3.63E-03 | 2.01E-03 | 2.89E-06
Compounds,Unspeciated
Particulate Kg|2.61E+00 | 3.42E-01 1.16E+00 | 1.11E+Q0 | 7.78E-04 0
PM10 Kg| 15.69 1.91E-01 5.77E-01 14.92 5.13E-04 0
Propylene Kg| 9.75E-02 | 4.50E-05 8.84E-02 | 8.99E-03 | 2.71E-05 0
SOx Kg| 35.66 5.65 13.45 16.55 6.02E-03 0
TNMOC,Unspeciated  |Kg|7.71E+00 | 1.56007433 | 3.81E-01 |5.7682512 | 2.15E-03 0
Toluene Kg| 1.55E-01 | 1.38E-02 126E-01 | 1.46E-02 | 4.31E-05 0
VOC,Unspeciated Kg| 27.04 |0.17414189 9.91 16.95 3.15E-03 0
Xylene Kg| 1.00E-01 | 7.83E-03 8.29E-02 | 9.44E-03 | 2.79E-05 0
.
Water Ammonia Kg| 1.94E-02 | 8.9449E-06 | 1.76E-02 | 1.79E-03 | 5.39E-06 0
Emissions
BOD Kg| 5.32E-04 0 5.32E-04 0 0 0
Carcinogen,Unspecia  |Kg| 2.71E-05 | 1.3144E-07 | 6.713E-07 |2.625E-05 | 7.92E-08 0
COD Kg| 6.83E-04 0 6.83E-04 0 0 0
Dissolved Solids Kg| 355 1.32 1.87 0.36 0.000995 0
Oil & Grease Kg| 0.56 0 0 5.59E-01 0 0
Methanol Kg| 3.45E-04 | 1.7316E-07 3.10E-04 | 3.459E-05 | 1.04E-07 0
MTBE Kg| 1.16E-03 | 5.4019E-07 1.05E-03 1.08E-04 | 3.25E-07 0
Oil & Grease Kg| 5.91E-02 | 2.94E-04 159E-03 | 5.71E-02 | 1.72E-04 0
Phosphate Kg 0 0 0 0 0 0




Asphalt Sum Extraction |Manufacture| Transport Use Disposal
Emulsion
Produced Water Kg| 9,780 8,758 116 904 2.72 0
Surfactant Kg| 351 3.51

Solid Wastes| 1,24-Trimethylbenzene |Kg| 1.36E-04 | 5.9119E-08 1.24E-04 |1.181E-05 | 3.56E-08 0
Ammonia Kg| 1.50E-03 | 6.8698E-07 1.37E-03 1.37E-04 | 4.14E-07 0
Ash, Bottom Kg| 13.87 5.42 5.44 3.02 4.33E-03 0
Ash, Fly Kg| 44.21 17.26 17.32 9.61 1.38E-02 0
Carcinogen,Unspeciated |Kg| 6.18E-04 | 2.9683E-07 | 5.58E-04 |5.928E-05 | 1.79E-07 0
Cyclohexane Kg| 2.72E-04 | 1.1884E-07 | 2.48E-04 |2.374E-05 | 7.16E-08 0
Ethyl Benzene Kg| 4.08E-04 | 1.7735E-07 | 3.72E-04 |3.543E-05 | 1.07E-07 0
FGD Sludge Kg 14 5.47 5.49 3.05 0.004367 0
Solid Waste,Drilling  |Kg| 939 826 25 86.98 0.26 0
Solid WasteHazardous  |Kg| 8.44E-01 | 3.90E-04 7.65E-01 | 7.78E-02 | 2.35E-04 0
Solid Waste.Refiner Kg 22 1.03E-02 20 2.06 6.20E-03 0
Spent Fuel,Nuclear Kg| 4.21E-03 | 1.64E-03 1.65E-03 9.15E-04 | 1.31E-06 0
Toluene Kg| 1.23E-03 | 5.582E-07 1.12E-03 | 1.11E-04 | 3.36E-07 0
Xylene Kg| 1.64E-03 | 7.7116E-07 1.49E-03 1.54E-04 | 4.65E-07 0
.
Landfilled Waste Kg 0 0 0 0 0 0
Mining Waste Kg 0 0
Wastein wasteroadway |[Kg| 31,729 0 0 0 0 31,729




Table 7: Life Cycle Inventory, Thin Layer Asphalt Cement

AsphaltCement Total | Extraction | Manufactur | Transport Use Disposal
e
Product 0 year-lane mile 1 1 1 1 1 1

Resour ces Coal ,Bituminous Kg] 87 355 411 128 3 0
Coal,Lignite Kg| & 66 7S 24 1 0
Coal,Subbituminous [Kg| 4% 195 223 70 2 0
Crude Oil Kg| 574 49,601 6,451 1,290 151 0
Gilsonite Kg 0 0 0 0 0 0
Natura Gas Kg| 1682 575 %84 50 4 0
o2 Kg|smEm| 201E0 2.20E-03 7.236-04 159E-05 0
|and Use Hal 6 NA NA NA NA NA
Fresh Water Kg| 2,292 0 2,292 0 0 0

Fuels Coke,Petroleum Kg 0 0 0 0 0 0
Crude Qil Kgl © 0 0 0 0 0
Didtillate Oil Kgl O 0 0 0 0 0
Didtillate Oil #1 Kgl © 0 0 0 0 0
Didtillate Qil #2 Kgl O 0 0 0 0 0
Electricity Kk 0 0 0 0 0 0

W

h
Fuel ,Other Kg 0 0 0 0 0 0
Gasoline, Automotive Kg 0 0 0 0 0 0
| PG Kg 0 0 0 0 0 0
Natural Gas Kg 0 0 0 0 0 0
Residua Oil kKg| o 0 0 0 0 0
Steam,Low Pressure  ptu | 192 0.001 187 0043 0.005 0
Sl Gas Kg 0 0 0 0 0 0
Land Use ha 0.6 0.6




AsphaltCement Total |Extraction | Manufactur | Transport Use Disposal
e

-

Air Emissions  [L24 Kg [2.80E-02] 1.24E-05 2.73E-02 6.29E-04 7.35E-05 0
Trimethylbenzene
Aldehydes,Unspeciated [Kg | 18 | 0087795277 1536-02 159 187E-01 0
Ammonia Kg | 25001 | 110E-04 244E-01 561E-03 6.55E-04 0
Benzene Kg | 178600 | 213802 152E-01 4.50E-03 4,69E-04 0
Carcinogen Unspeciated |Kg | 154502 | 679606 150E-02 346E-04 4.04E-05 0
CO Kg 126 3.44E+01 6.22E+01 2.63E+01 2.86E+00 0
CO2 Kg | 42793 3215 32,956 6,106 516 0
Cyclohexane Kg | 56402 248605 5.50E-02 1.27E-03 148E-04 0
Ethyl Benzene Kg | 552602 | 53103 4.84E-02 137E-03 145E-04 0
Ethylene g | 68002 |  300E-05 6.63E-02 153E-03 1.78E-04 0
HCI Kg 0 0 0 0 0 0
|so-Octane Kg | 584503 | 208E-03 356E-03 181E-04 1556-05 0
M ethane Kg | 7500 232 29.05 339 244E-01 0
M ethanol Kg| 266602 117605 2.59E-02 5.97E-04 6.97E-05 0
MTBE Kg | 627E02| 276E05 6.11E-02 141E-03 164E-04 0
h-Hexane Kg|3eoE2] 13E0 2.326-02 118E-03 101E-04 0
NOX Kg] 236 46 108 75 7.04 0
Organic Acids Kg|51ER| 20403 2.326-03 7.336-04 161E-05 0
Oranic Kg | 19802 7.70E03 8.78E-03 277E-03 6.08E-05 0
ICompounds,Unspeciated
Particulate Kg | 2663 7.29E-01 2392 196 164E-02 0
PM 10 Kg | 210 407E-0L 991 937 898E-0L 0
Propylene Kg | 218501 [ 961E05 190E+02 4.89E-03 5.72E-04 0
SOX kg | 176 1204 151 1146 9.54E-01 0
TNMOC,Unspeciated Ko [ 17.23 33 270 1116 4.53E-02 0
Toluene Kg | 345600 295E02 307E-0L 845E-03 9.09E-04 0
\/ OC,Unspeciated Kg | 5851 371E-01 4787 919 108 0
Xylene Kg | 224600 167E02 201E-01 542E-03 5.80E-04 0
Napthalene Kg | 472602 0 4.72E-02 0 0 0
D-methyl napthalene Ko | 629802 0 6.20E-02 0 0 0
Phenanthrene Kg | 388602 0 388E-02 0 0 0
Fluoranthrene Kg | 2526-02 0 2.526-02 0 0 0

@)
=
(o))



AsphaltCement Total |Extraction|Manufactur | Transport Use Disposal
e

Pyrene g | 5.76E-02 0 5.76E-02 0 0 0
Formal dehyde Kg 335 0 335 0 0 0

Water Emissions  JAmmonia Kg 4.33E-02) 1.91E-05 4.22E-02 9.72E-04 1.14E-04 0
BOD Kg |2.13E-03 0 2.13E-03 0 0 0
Carcinogen,Unspeciated K g ]8.79E-05] 2.80478E-07 7.162E-05 1.43E-05 1.67E-06 0
ICOD Kg | 3.85E-03 0 3.85E-03 0 0.00E+00 0
Dissolved Solids Kg] 7.89 2.81 4.81 2.44E-01 | 2.10E-02 0
il & Grease Kg] 1.19 0 0 1.19 0 0
Methanol Kg| 704 | 3.70E-07 7.53E-04 1.88E-05 | 2.20E-06 0
MTBE Kg | 260503 ) 1.15E-06 2.54E-03 5.87E-05 | 6.86E-06 0
Oil & Grease Kg | 192501 | 6.27E-04 1.56E-01 3.15E-02 | 3.62E-03 0
Phosphate Kg 0 0 0 0 0 0
Produced Water Kg]21,861] 18,658 2,652 494 57.34 0
Surfactant Kg| 19.78 0 0 0 19.78

Solid Wastes [1,2,4- Kg | 30304 | 1.26E-07 2.96E-04 6.42E-06 | 7.51E-07 0
Trimethylbenzene
Ammonia Kg | 336503 ) 1.47E-06 3.27E-03 7.47E-05 | 8.73E-06 0
Ash, Bottom Kg| 28.94 11.54 13.16 4.15 9.12E-02 0
Ash, Fly Kg| 92.22 36.77 41.93 13.23 2.91E-01 0
Carcinogen,Unspeciated  [Kg | 138503 | 6,33E-07 1.35E-03 3.23E-05 3.77E-06 0
Cyclohexane Kg | 607804 | 2 54E-07 5.92E-04 1.29E-05 | 1.51E-06 0
Ethyl Benzene Kg | 90904 | 3.78E-07 8.88E-04 1.93E-05 | 2.25E-06 0
FGD Sludge Kg| 29.22 11.65 13.28 4.19 9.20E-02 0
Solid Waste,Drilling [Kg | 2,098 1,760 284 47.92 5.51 0
Solid Kgl| 1.89 | 8.31E-04 1.84 4.23E-02 | 4.95E-03 0
\Waste,Hazardous
Solid Waste.Refiner [Kg | 49.84 | 2.20E-02 48.57 1.12 1.31E-01 0
Spent Fuel Nuclear [Kg| 878503 | 3.50E-03 3.99E-03 1.26E-03 | 2.77E-05 0
[Toluene Kg |2.75E-03] 1.19E-06 2.68E-03 6.07E-05 7.09E-06 0
Xylene Kg |3.68E-03] 1.65E-06 3.58E-03 8.38E-05 9.79E-06 0
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AsphaltCement Total |Extraction|Manufactur | Transport Use Disposal
e
|_andfilled Waste Kg 0 0 0 0 0 0
Mining Waste Kg 0 0 0 0 0 0
\Waste Roadway Kg | 816,165 0 0 0 0 816,165




Table 8: Data Collection Tables

Source of data | Estimated Error

Resource ‘

Consumption
Facility Name

Fuel usage
[Diesel

Fuel Oils (list type)
1

2
Gasoline
Natural Gas

Electricity
Coal

Minerals (list)

|

Chemical Usage (list)

Freshwater use

(provide source , e.g. well, river)

Land Use
lArea Paved

lArea Disturbed (e.g. by mining)




Air Emissions

Facility Name

Emission

Estimated Error

CO, (Carbon Dioxide)
CO (Carbon monoxide)
CH, (Methane)

N,O (Nitrous Oxide)

CFC/HCFC's (list)

‘

SOx (Oxides of Sulfur)
NOx (Oxides of Nitrogen)
HCI (Hydrogen Chloride)
HF (Hydrogen fluoride)
NH4 (Ammonia)

Other acid gases (list)

‘

Volatiles (list)

‘

Hazardous Air Pollutants

PM-10




Water Emissions
Facility Name

Emission Estimated Error

Suspended Solids
Coliforms
Ammonia
Phosphate
Cyanide

Oil & Grease
BOD

COD

Heavy Metals (list)

=) & EN DY

Hazardous Substances

=) B B Y DN I

Total Water released - 1 1 1 [ |
Does water goto POTW? | |

If direct discharge, what is water body?




Solid Wastes

Facility Name

Amount |Units |Dates of Data Source |Estimated
emissions Error

Total Solid Waste (landfilled) .4 0 | | |

Mining wastes (managed on
ropert

Hazardous wastes (list)

(621 BxN [eV] \S] o

Distance to Landfills (list)
1
2
3
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