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Abstract

The BEES (Building for Environmental and Economic Sustainability) version 1.0 software
implements a rational, systematic technique for selecting environmentally and economically
balanced building products. The technique is based on consensus standards and designed to be
practical, flexible, and transparent. The Windows-based decision support software, aimed at
designers, builders, and product manufacturers, includes actual environmental and economic
performance data for 22 building products across a range of functional applications. BEES
measures the environmental performance of building products using the environmental life-cycle
assessment approach specified in the latest versions of ISO 14000 draft standards. All stages in
the life of a product are analyzed: raw material acquisition, manufacture, transportation,
installation, use, and waste management. Economic performance is measured using the American
Society for Testing and Materials (ASTM) standard life-cycle cost method, which covers the
costs of initial investment, replacement, operation, maintenance and repair, and disposal.
Environmental and economic performance are combined into an overall performance measure
using the ASTM standard for Multiattribute Decision Analysis. For the entire BEES analysis,
building products are defined and classified based on the ASTM standard classification for
building elements known as UNIFORMAT II.

Key words: Building products, economic performance, environmental performance, green
buildings, life cycle assessment, life-cycle costing, multiattribute decision analysis, sustainable
development

Disclaimer

The United States Department of Commerce and NIST do not endorse any particular brand,
product, or service. The enclosed information is provided for comparing generic, U.S. industry-
average product classes only and no representations are made as to the quality or fitness of any
specific manufacturer's product. Users shall not in any way say or imply that the information
obtained from BEES is an endorsement of any particular product, service, or brand.

The BEES tool bears no warranty, neither express nor implied. NIST does not assume legal
liability nor responsibility for a User's utilization of BEES. NO WARRANTIES AS TO ANY
MATTER WHATSOEVER ARE MADE BY NIST, INCLUDING NO WARRANTY OF
MERCHANTABILITY OR FITNESS FOR A PARTICULAR PURPOSE.
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Getting Started

System Requirements

BEES runs on a Windows 95 personal computer with a 486 or higher microprocessor, 32
Megabytes or more of RAM, at least 10 Megabytes of available disk space, and a 3.5 inch floppy
diskette drive. A printer is preferred but not required.

Installing BEES

Install BEES by inserting Disk 1 into any floppy drive (e.g., drive A) and running the BEES
setup program as follows:

In Windows 95, Select Start/Run, then type A:Setup and press Ok.

Running BEES

First-time BEES users may find it useful to read the BEES Tutorial, found in section 4 of this
report. The BEES Tutorial is a printed version of the BEES on-line help system, with step-by-
step instructions for running the software. The tutorial also includes illustrations of the screen
displays. Alternatively, first-time users may choose to double-click on the help icon installed in
the BEES program group at installation for an electronic version of the help system.

While running the BEES software, context-sensitive help is often available from the BEES Main
Menu. Context-sensitive help is also available through Help buttons on many of the BEES

windows.
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1. Background and Introduction

Buildings significantly alter the environment. According to Worldwatch, Institute, '

building construction consumes 40 percent of the raw stone, gravel, and sand used
globally each year, and 25 percent of the virgin wood. Buildings also account for 40
percent of the energy and 16 percent of the water used annually worldwide. In the United
States, about as much construction and demolition waste is produced as municipal
garbage. Unhealthy indoor air is found in 30 percent of new and renovated buildings
worldwide.

. Negative environmental impacts arise from building construction and renovation. For
example, raw materials extraction can lead to resource depletion and biological diversity
losses. Building product manufacture and transport consumes energy, generating
emissions linked to global warming, acid rain, and smog. Landfill problems may arise
from waste generation. Poor indoor air quality may lower worker productivity and
adversely affect human health.

Selecting environmentally preferable building products is one way to reduce these
negative environmental impacts. However, while 93 percent of U.S. consumers worry
about their home’s environmental impact, only 18 percent are willing to pay more to
reduce the impact, according to a survey of 3,600 consumers in 9 U.S. metropolitan
areas.>  Thus, environmental performance must be balanced against economic
performance. Even the most environmentally conscious building product manufacturer or
designer will ultimately weigh environmental benefits against economic costs. To satisfy
their customers, manufacturers and designers need to develop and select building
products with an attractive balance of environmental and economic performance.

Identifying environmentally and economically balanced building products is no easy task.
Today, the green building decisionmaking process is based on little structure and even
less credible, scientific data. There is a great deal of interesting green building
information available, so that in many respects we know what to say about green
buildings. However, we still do not know how to synthesize the available information so
that we know what to do in a way that is transparent, defensible, and truly
environmentally sound.

In this spirit, the U.S. National Institute of Standards and Technology (NIST) Green
Buildings Program began the Building for Environmental and Economic Sustainability
(BEES) project in 1994, The purpose of the BEES project is to develop and implement a

' D.M. Roodman and N. Lenssen, 4 Building Revolution: How Ecology and Health Concerns are
Transforming Construction, Wotldwatch Paper 124, Worldwatch Institute, Washington, DC, March 1995.

? 1995 Home Shoppers survey cited in Minneapolis Star Tribune, 11/16/96, p H4 (article by Jim
Buchta). According to another survey, Japanese consumers are willing to pay up to 25 percent more for
environmentally friendly products (Maurice Strong, Chairman, Earth Council Institute, “Closing Day
Keynote Address,” Engineering and Construction for Sustainable Development in the 21st Century,
Washington, DC, February 4-8, 1996, p 54)



systematic methodology for selecting building products that achieve the most appropriate
balance between environmental and economic performance based on the decision
maker’s values. The methodology is based on consensus standards and is designed to be
practical, flexible, and transparent. The BEES model is implemented in publicly available
decision-support software, complete with actual environmental and economic
performance data for a number of building products. The intended result is a cost-
effective reduction in building-related contributions to environmental problems.

In 1997, the U.S. Environmental Protection Agency’s (EPA) Environmentally Preferable
Purchasing (EPP) Program also began supporting the development of BEES. The EPP
program is charged with carrying out Executive Order 12873 (10/93), “Federal
Acquisition, Recycling, and Waste Prevention,” which directs Executive agencies to
reduce the environmental burdens associated with the $200 billion in products and
services they purchase each year, including building products. Over the next several
years, BEES will be further developed as a tool to assist the Federal procurement
community in carrying out the mandate of Executive Order 12873.



2. The BEES Model

The BEES methodology takes a multidimensional, life-cycle approach. That is, it
considers multiple environmental and economic impacts over the entire life of the
building product. Considering multiple impacts and life-cycle stages is necessary because
product selection decisions based on single impacts or stages could obscure others that
might cause equal or greater damage. In other words, a multidimensional, life-cycle
approach is necessary for a comprehensive, balanced analysis.

It is relatively straightforward to select products based on minimum life-cycle economic
impacts because building products are bought and sold in the marketplace. But how do
we include life-cycle environmental impacts in our purchase decisions? Environmental
impacts such as global warming, water pollution, and resource depletion are for the most
part economic externalities. That is, their costs are not reflected in the market prices of
the products that generated the impacts. Moreover, even if there were a mandate today to
include environmental “costs” in market prices, it would be nearly impossible to do so
due to difficulties in assessing these impacts in economic terms. How do you put a price
on clean air and clean water? What is the value of human life? Economists have debated
these questions for decades, and consensus does not appear likely in the near future.

While environmental performance cannot be measured on a monetary scale, it can be
quantified using the evolving, multi-disciplinary approach known as environmental life-
cycle assessment (LCA). The BEES methodology measures environmental performance
using an LCA approach, following guidance in the International Standards Organization
14040 series of draft standards for LCA.> Economic performance is separately measured
using the American Society for Testing and Materials (ASTM) standard life-cycle cost
(LCC) approach. These two performance measures are then synthesized into an overall
performance measure using the ASTM standard for Multiattribute Decision Analysis.*
For the entire BEES analysis, building products are defined and classified based on
UNIFORMAT II, the ASTM standard classification for building elements.’

? International Standards Organization, Environmental Management--Life-Cycle Assessment--Principles
and Framework, Draft International Standard 14040, 1996; ISO Environmental Management--Life-Cycle
Assessment—Goal and Scope Definition and Inventory Anslysis, Committee Draft International Standard
14041.2, 1996; and ISO Environmental Management--Life-Cycle Assessment—Life Cycle Impact
Assessment, Committee Draft International Standard 14042.1, 1997; and ISO Environmental Management-
-Life-Cycle Assessment—Life Cycle Interpretation, Committee Draft International Standard 14043.1, 1996.

4 American Society for Testing and Materials, Standard Practice for Applying the Analytic Hierarchy
Process to Multiattribute Decision Analysis of Investments Related to Buildings and Building Systems,
ASTM Designation E 1765-95, West Conshohocken, PA, 1995.

5 American Society for Testing and Materials, Standard Classification for Building Elements and
Related Sitework--UNIFORMAT II, ASTM Designation E 1557-96, West Conshohocken, PA, September

1996.



2.1 Environmental Performance

Environmental life-cycle assessment is a “cradle-to-grave,” systems approach for
measuring environmental performance. The approach is based on the belief that all stages
in the life of a product generate environmental impacts and must therefore be analyzed,
including raw materials acquisition, product manufacture, transportation, installation,
operation and maintenance, and ultimately recycling and waste management. An analysis
that excludes any of these stages is limited because it ignores the full range of upstream
and downstream impacts of stage-specific processes.

The strength of environmental life-cycle assessment is its comprehensive, multi-
dimensional scope. Many green building claims and strategies are now based on a single
life-cycle stage or a single environmental impact. A product is claimed to be green simply
because it has recycled content, or claimed not to be green because it emits volatile
organic compounds (VOCs) during its installation and use. These single-attribute claims
may be misleading because they ignore the possibility that other life-cycle stages, or other
environmental impacts, may yield offsetting impacts. For example, the recycled content
product may have a high embodied energy content, leading to resource depletion, global
warming, and acid rain impacts during the raw materials acquisition, manufacturing, and
transportation life-cycle stages. LCA thus broadens the environmental discussion by
accounting for shifts of environmental problems from one life-cycle stage to another, or
one environmental medium (land, air, water) to another. The benefit of the LCA
approach is in implementing a trade-off analysis to achieve a genuine reduction in overall
environmental impact, rather than a simple shift of impact.

The general LCA methodology involves four steps.® The goal and scope definition step
spells out the purpose of the study and its breadth and depth. The inventory analysis step
identifies and quantifies the environmental inputs and outputs associated with a product
over its entire life-cycle. Environmental inputs include water, energy, land, and other
resources; outputs include releases to air, land, and water. However, it is not these inputs
and outputs, or inventory flows, that are of interest. We are more interested in their
consequences, or impacts on the environment. Thus, the next LCA step, impact
assessment, characterizes these inventory flows in relation to a set of environmental
impacts. For example, the impact assessment step might relate carbon dioxide emissions,
a flow, to global warming, an impact. Finally, the interpretation step combines the
environmental impacts in accordance with the goals of the LCA study.

2.1.1 Goal and Scope Definition

The goal of the BEES LCA is to generate relative environmental performance scores for
building product alternatives based on U.S. average data. These will be combined with
relative, U.S. average economic scores to help the building community select
environmentally and economically balanced building products.

¢ International Standards Organization, Environmental Management--Life-Cycle Assessment--Principles
and Framework, Draft Intemational Standard 14040, 1996.




The scoping phase of any LCA involves defining the boundaries of the product system
under study. The manufacture of any product involves a number of unit processes (e.g.,
ethylene production for input to the manufacture of the styrene-butadiene bonding agent
for stucco walls). Each unit process involves many inventory flows, some of which
themselves involve other, subsidiary unit processes. The first product system boundary
determines which unit processes are included in the LCA. In the BEES system, the
boundary-setting rule consists of a set of three decision criteria. For each candidate unit
process, mass and energy contributions to the product system are the primary decision
criteria. In some cases, cost contribution is used as a third criterion.” Together, these
criteria provide a robust screening process, as illustrated in figure 2.1, showing how five
ancillary materials (e.g., limestone used in portland cement manufacturing) are selected
from a list of nine candidate materials for inclusion in the LCA. A material must have a
large contribution for at least one decision criterion to be selected. The weight criterion
selects materials A, B, and C; the energy criterion adds material E; and cost flags material
I. As a result, the unit processes for producing ancillary materials A, B, C, E, and I are
included in the system boundaries.

Cost Included in
Ancillary (ai,‘:‘_,{,lag system

Material Weight Energy necessary) boundaries

Yes
Yes
Yes
No
Yes
No
No
No
Yes

~ Q| E T QW >

negligible contribution

small contribution

large contribution

Figure 2.1 Decision Criteria for Setting Product System Boundaries

The second product system boundary determines which inventory flows are tracked for
in-bounds unit processes. Quantification of all inventory flows is not practical for the

following reasons:

7 While a large cost contribution does not directly indicate a significant environmental impact, it may
indicate scarce natural resources or numerous subsidiary unit processes potentially involving high energy
consumption.



e An ever expanding number of inventory flows can be tracked. For instance, including
the U.S. Environmental Protection Agency’s Toxic Release Inventory (TRI) data
would result in tracking approximately 200 inventory flows arising from
polypropylene production alone. Similarly, including radionucleide emissions
generated from electricity production would result in tracking more than 150 flows.
Managing such large inventory flow lists adds to the complexity, and thus the cost, of
carrying out and interpreting the LCA.

e Attention should be given in the inventory analysis step to collecting data that will be
useful in the next LCA step, impact assessment. By restricting the inventory data
collection to the flows actually needed in the subsequent impact assessment, a more
focused, higher quality LCA can be carried out.

Therefore, in the BEES model, a focused, cost-effective set of inventory flows is tracked,

reflecting flows that will actually be needed in the subsequent impact assessment step.

Defining the unit of comparison is another important task in the goal and scoping phase
of LCA. The basis for all units of comparison is the functional unit, defined so that the
products compared are true substitutes for one another. In the BEES model, the functional
unit for most building products is 0.09 square meters (1 square foot) of product service
for 50 years.* Therefore, for example, the functional unit for the BEES roof covering
alternatives is covering 0.09 square meters (1 square foot) of roof surface for 50 years.
The functional unit provides the critical reference point to which all inventory flows are
scaled.

Scoping also involves setting data requirements. Data requirements for the BEES study

include:

e Geographic coverage: The data are U.S. average data.

e Time period covered: The data are a combination of data collected specifically for
BEES within the last 2 years, and data from the well-known Ecobalance LCA
database created in 1990."° Most of the Ecobalance data are updated annually. No
data older than 1990 are used.

e Technology covered: When possible, the most representative technology is studied.
Where data for the most representative technology are not available, an aggregated
result is used based on the U.S. average technology for that industry.

2.1.2 Inventory Analysis

Inventory analysis entails quantifying the inventory flows for a product system. Inventory
flows include inputs of water, energy, and raw materials, and releases to air, land, and
water. Data categories are used to group inventory flows in LCAs. For example, in the
BEES model, flows such as aldehydes, ammonia, and sulfur oxides are grouped under the

8 All product alternatives are assumed to meet minimum technical performance requirements (e.g.,
acoustic and fire performance).

° The functional unit for concrete products except driveways and sidewalks is 0.76 cubic meters (1 cubic
yard) of product service for 50 years.

19 Ecobalance, Inc., DEAM™: Data for Environmental Analysis and Management, Rockville, MD,
1997.



air emissions data category. Figure 2.2 shows the categories under which data are
grouped in the BEES system. Refer to the BEES environmental performance data files,
accessible through the BEES software, for a detailed listing of approximately 100
inventory flow items included in BEES.

Raw Materials
Air Emissions —p
Water Effluents —»-
Energy ———», Unit
Process
———Releases to Land —»
Water »
+————Other Releases —»
B
Intermediate Material
or Final Product
v

Figure 2.2 BEES Inventory Data Categories

A number of approaches may be used to collect inventory data for LCAs. These range

from:" _

e Unit process- and facility-specific: data from a particular process within a given
facility that are not combined in any way

e Composite: data from the same process combined across locations
e Aggregated: data combining more than one process

e Industry-average: data derived from a representative sample of locations believed to
statistically describe the typical process across technologies

e Generic: data whose representativeness may be unknown but which are qualitatively
descriptive of a process

Since the goal of the BEES LCA is to generate U.S. average results, data are primarily
collected using the industry-average approach. Data collection is done under contract
with Environmental Strategies and Solutions, Inc. (ESS) and Ecobalance, Inc., using the
Ecobalance LCA database covering more than 6,000 industrial processes gathered from
actual site and literature searches from more than 15 countries. Where necessary, the data
are adjusted to be representative of U.S. operations and conditions. Approximately 90

1 U.S. Environmental Protection Agency, Office of Research and Development, Life Cycle Assessment:
Inventory Guidelines and Principles, EPA/600/R-92/245, February 1993.



percent of the data come directly from industry sources, with about 10 percent coming
from generic literature and published reports. The generic data include inventory flows
for electricity production from the average United States grid, and for selected raw
material mining operations (e.g., limestone, sand, and clay mining operations). In
addition, ESS and Ecobalance gathered additional LCA data to fill data gaps for the
BEES products. Assumptions regarding the unit processes for each building product are
verified through experts in the appropriate industry to assure the data are correctly
incorporated in BEES.

2.1.3 Impact Assessment

The impact assessment step of LCA quantifies the potential contribution of a product’s
inventory flows to a range of environmental impacts. There are several well-known LCA
impact assessment approaches.

Direct Use of Inventories. In the most straightforward approach to LCA, the impact
assessment step is skipped, and the life cycle inventory results are used as-is in the final
interpretation step to help identify opportunities for pollution prevention or increases in
material and energy efficiency for processes within the life cycle. However, this approach
in effect gives the same weight to all inventory flows (e.g., to the reduction of carbon
dioxide emissions and to the reduction of lead emissions). For most impacts, equal
weighting of flows is unrealistic.

Critical Volumes (Switzerland). The "weighted loads" approach, better known as the
Swiss critical volume approach, was the first method proposed for aggregating inventory
flow data.”® The critical volume for a substance is a function of its load and its legal
limit. Its load is the total quantity of the flow per unit of the product. Critical volumes can
be defined for air and water, and in principle also for soil and groundwater, providing
there are legal limit values available.

This approach has the advantage that long lists of inventory flows, especially for air and
water, can be aggregated by summing the critical volumes for the individual flows within
the medium being considered--air, water, or soil. However, the critical volume approach
is rarely used today due to the following disadvantages of using legal limit values:

e Legal limit values are available only for certain chemicals and pollutants. Long-term
global effects such as global warming are excluded since there are no legal limits for
the chemicals involved. ,

e Legal limit values often differ from country to country, and their basis is far from
being purely scientific. Socioeconomic factors, technical limitations (for example,
analytical detection limits), and the feasibility of supervision and control are also
taken into account when arriving at legal limits.

12K Habersatter, Ecobalance of Packaging Materials - State of 1990, Swiss Federal Office of
Environment, Forests, and Landscape, Bern, Switzerland, February 1991, and Bundesamt fur
Umweltschutz, Oekobilanzen von Packstoffen, Schriftenreihe Umweltschutz 24, Bern, Switzeriand, 1984.



Ecological Scarcity (Switzerland). A more general approach has been developed in a
report from the Swiss Federal Office of Environment, Forests, and Landscape.” With this
approach, "Eco-Points" are calculated for a product, using the "Eco-Factor” determined
for each inventory flow. Eco-Factors are based on current annual flows relative to target
maximum annual flows for the geographic area considered. The Eco-Points for all
inventory flows are added together to give one single, final score.

The concept used in this approach is appealing but has the following difficulties:
e Itis valid only in a specific geographical area.
e Estimating annual and target flows can be a difficult and time consuming exercise.

e The scientific calculation of environmental impacts is combined with political and
subjective judgment, or valuation. The preferred approach is to separate the science
from the valuation.

Environmental Priorities System (Sweden). The Environmental Priority Strategies in
Product Design System, the EPS System, was developed by the Swedish Environmental
Research Institute.* It takes an economic approach to assessing environmental impacts.
The basis for the evaluation is the Environmental Load Unit, which corresponds to the
willingness to pay 1 European Currency Unit. The final result of the EPS system is a
single number summarizing all environmental impacts, based on:

¢ Society's judgment of the importance of each environmental impact.
e The intensity and frequency of the impact.

e Location and timing of the impact.

e The contribution of each flow to the impact in question

o The cost of decreasing each inventory flow by one weight unit.

The EPS system combines indices of ecological, sociological, and economic effects to
give a total effect index for each flow. The total effect index is multiplied by the amount
of the flow to give the "environmental load unit." Although this methodology is popular
in Sweden, its use is criticized due to its lack of transparency and the quantity and quality
of the model’s underlying assumptions.

Classification/Characterization. The classification/characterization approach to impact
assessment was developed within the Society for Environmental Toxicology and
Chemistry (SETAC). It involves a two-step process:'*'¢"

13 Ahbe S. Braunschweig A., and R. Muller-Wenk, Methodik fur Oekobilanzen auf der bases
Okologischer Optimierung, Schriftenreihn Umwelt 133, Swiss Federal Office of Environment, Forests, and
Landscape, October 1990.

14 Steen B., and S-O Ryding, The EPS Enviro-Accounting Method, IVL Report, Swedish Environmental
Research Institute, Goteborg, Sweden, 1992.

15 SETAC-Europe, Life Cycle Assessment, B. DeSmet, et al. (eds), 1992.



e (lassification of inventory flows that contribute to specific environmental impacts.
For example, greenhouse gases such as carbon dioxide, methane, and nitrous oxide
are classified as contributing to global warming.

e Characterization of the potential contribution of each classified inventory flow to the
corresponding environmental impact. This results in a set of indices, one for each
impact, that is obtained by weighting each classified inventory flow by its relative
contribution to the impact. For instance, the Global Warming Potential index is
derived by expressing each contributing inventory flow in terms of its equivalent
amount of carbon dioxide.

This classification/characterization method does not offer the same degree of relevance
for all environmental impacts. For global and regional effects (e.g., global warming and
acidification) the method may result in an accurate description of the potential impact.
For impacts dependent upon local conditions (e.g., smog) it may result in an
oversimplification of the actual impacts because the indices are not tailored to localities.

The BEES model uses this classification/characterization approach because it enjoys
some general consensus among LCA practitioners and scientists.'® For the reason stated
above, and because BEES has a U.S. average scope, local impacts such as smog are not
included. The following global and regional impacts are assessed using the classification/
characterization approach: Global Warming Potential, Acidification Potential,
Nutrification Potential, and Natural Resource Depletion. Indoor Air Quality and Solid
Waste impacts are also included in BEES, for a total of six impacts. Besides local
impacts, other potential environmental impacts are not included. For example, ozone
depletion, while an important global impact that has been successfully classified and
characterized, is excluded. The primary inventory flows that contribute to ozone
depletion (chlorofluorocarbons, halons, and chlorine-based solvents) are being phased
out. Thus, inventory flow data are quickly changing, and soon there will be little left to
report. Human health impacts are also not explicitly included in BEES because the
science is not yet sufficiently developed. If the BEES user has important knowledge
about these or other potential environmental impacts, it should be brought into the
interpretation of the BEES resulits.

The six BEES impacts are discussed below.

Global Warming Potential. The Earth absorbs radiation from the Sun, mainly at the
surface. This energy is then redistributed by the atmosphere and ocean and re-radiated to
space at longer wavelengths. Some of the thermal radiation is absorbed by “greenhouse”
gases in the atmosphere, principally water vapor, but also carbon dioxide, methane, the
chlorofluorocarbons, and ozone. The absorbed energy is re-radiated in all directions,
downwards as well as upwards, such that the radiation that is eventually lost to space is

6 SETAC, A Conceptual Framework for Life Cycle Impact Assessment, J. Fava, et al. (eds), 1993.
" SETAC, Guidelines for Life Cycle Assessment: A “Code of Practice,” F. Consoli, et al. (eds), 1993.
18 SETAC, Life-Cycle Impact Assessment: The State-of-the-Art, J. Owens, et al. (eds), 1997.
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from higher, colder levels in the atmosphere. The result is that the surface loses less heat
to space than it would in the absence of the greenhouse gases and consequently stays
warmer than it would be otherwise. This phenomenon, which acts rather like a ‘blanket’
around the Earth, is known as the greenhouse effect.

The greenhouse effect is a natural phenomenon. The issue is the increase in the
greenhouse effect due to emissions generated by humankind. The resulting general
increase in temperature can alter atmospheric and oceanic temperatures, which can
potentially lead to alteration of circulation and weather patterns. A rise in sea level is
also predicted due to thermal expansion of the oceans and melting of polar ice sheets.
Global Warming Potentials, or GWPs, have been developed to measure the increase.

Several models have been developed to calculate GWPs. The Intergovernmental Panel
on Climate Change (IPCC) has compiled a list of "provisional best estimates" for GWPs,
based on the expert judgment of scientists worldwide. * Because of its broad support,
this list has been used in the BEES model.

A single index, expressed in grams of carbon dioxide per functional unit of product, is
derived to measure the quantity of carbon dioxide with the same potential for global
warming:

global warming index = %, w; x GWP,, where
w,= weight (in grams) of inventory flow i, and

GWP, = grams of carbon dioxide with the same heat trapping potential as one
gram of inventory flow i, as listed in table 2.1.

Table 2.1 BEES Global Warming Potential Equivalency Factors

GWP,
Flow (i) (CO,-equivalents)
Carbon dioxide 1
Methane 24.5
Nitrous oxide 320

Acidification. Acidifying compounds may in a gaseous state either dissolve in water or
fix on solid particles. They reach ecosystems through dissolution in rain or wet
deposition. Acidification affects trees, soil, buildings, animals, and humans. The two

1% International Panel on Climate Change (IPCC), Report of Scientific Assessment Working Group of
IPCC, 1994.
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compounds principally involved in acidification are sulfur and nitrogen compounds.
Their principal human source is fossil fuel and biomass combustion. Other compounds
released by human sources, such as hydrogen chloride and ammonia, also contribute to
acidification.

An index for potential acid deposition onto the soil and in water can be developed by
analogy with the global warming potential, with hydrogen as the reference substance.
The result is a single index for potential acidification (in grams of hydrogen per
functional unit of product), representing the quantity of hydrogen emissions with the
same potential acidifying effect:

acidification index = Z, w, x AP,, where

w; = weight (in grams) of inventory flow 1, and
AP, = grams of hydrogen with the same potential acidifying effect as one gram of
inventory flow i, as listed in table 2.2.%°

Table 2.2 BEES Acidification Potential Equivalency Factors

AP,

(Hydrogen-

Flow (i) Equivalents)
Sulfur oxides 0.031
Nitrogen oxides 0.022
Ammonia 0.059
Hydrogen Fluoride 0.05
Hydrogen Chloride 0.027

Nutrification Potential. Nutrification is the addition of mineral nutrients to the soil or
water. In both media, the addition of large quantities of mineral nutrients, such as
nitrogen and phosphorous, results in generally undesirable shifts in the number of species
in ecosystems and a reduction in ecological diversity. In water, it tends to increase algae
growth, which can lead to lack of oxygen and therefore death of species like fish.

An index for potential nutrification can be developed by analogy with the global warming
potential, with phosphate ions as the reference substance. The result is a single index for
potential nutrification (in grams of phosphate ions per functional unit of product),
representing the quantity of phosphate ions with the same potential nutrifying effect:

20 CML, Environmental Life Cycle Assessment of Products: Background, Leiden, The Netherlands,
October 1992,
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nutrification index = Z; w; x NP,, where
w; = weight (in grams) of inventory flow i, and

NP, = grams of phosphate ions with the same potential nutrifying effect as one
grams of inventory flow i, as listed in table 2.3.%'

Table 2.3 BEES Nutrification Potential Equivalency Factors

NP,
(phosphate-
Flow (i) equivalents)
Phosphates 1
Nitrogen Oxides 0.13
Ammonia 0.42
Nitrogenous Matter 0.42
Nitrates 0.095
Phosphorous 3.06
Chemical Oxygen Demand 0.022

Natural Resource Depletion. Natural resource depletion can be defined as the
decreasing availability of natural resources. The resources considered in this impact are
fossil and mineral resources. It is important to recognize that this impact addresses only
the depletion aspect of resource extraction, not the fact that the extraction itself may
generate impacts. Extraction impacts, such as methane emissions from coal mining, are
addressed in other impacts, such as global warming.

Some experts believe resource depletion is fully accounted for in market prices. That is,
market price mechanisms are believed to take care of the scarcity issue, price being a
measure of the level of depletion of a resource and the value society places on that
depletion. However, price is influenced by many factors other than resource supply, such
as resource demand and non-perfect markets (e.g., monopolies and subsidies).
Furthermore, resource depletion is at the heart of the sustainability debate. Thus, in the
BEES model, resource depletion is explicitly accounted for in the LCA impact
assessment.

To assess resource depletion, the amount of reserves of a resource, or resource base,
needs to be determined. For mineral resources, the reserve base is defined as follows:

I CML, 1992.
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The reserve base encompasses those parts of the resources that have a
reasonable potential for becoming economically available within planning
horizons beyond those that assume proven technology and current
economics. It includes those resources that are currently economic,
marginally economic, and subeconomic.?

Reserve base quantities used in the BEES model are listed in table 2.4.

Once reserves are established, an equivalency factor can be derived for each resource that
will relate its inventory flow with the depletion of the resource. The equivalency factor
addresses how long a given resource will continue to be available at current extraction
levels, as well as the size of the reserve. Using equivalency factors, a single index is
produced for natural resource depletion:

Depletion Index = Z———————-—-— *w; = where

L TeSEVEy *years; ; (rekselvei)2
reserve; = reserves (in kilograms) for natural resource i (the larger the reserve, the
smaller the equivalency factor)
years, = years of remaining use for natural resource i (the longer available, the
smaller the equivalency factor)
production, = annual production (in kilograms/year) for natural resource 1
w, = the weight (in kilograms) of the inventory flow for resource 1

The BEES natural resource depletion equivalency factors are shown in the last column
of table 2.4.

Solid Waste. Solid waste is an inventory outflow of the building products included in the
BEES model. The BEES inventory analysis tracks the weight of non-recyclable solid
waste resulting from the installation, replacement, and disposal of each building product
over the fifty-year study period. Equivalency factors have not been developed to consider
the ultimate fate of the non-recyclable solid waste (e.g., landfill leachate, gas or
incinerator emissions, ash). Thus, the Direct Use of Inventories Approach, described at
the beginning of this subsection, is used, with solid waste volume representing the solid
waste impact of the product. Solid waste volume (in cubic meters, or cubic feet, of waste
per functional unit of product) is derived as follows:

solid waste volume = (Z; w,)/ density, where

w, = weight (in kilograms) of non-recyclable solid waste inventory flow 1, and

density = density of the product (in kilograms per 0.0283 cubic meter, or
kilograms per cubic foot), as listed in table 2.5.

2(J.S. Department of the Interior, Bureau of Mines, Mineral Commodity Summary, 1994.
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Table 2.4 BEES Natural Resource Depletion Equivalency Factors

Annual Equivalency
Production Reserve Base Years of Remaining Factor
: (kg/yr) (kg) Use (4)=
Inventory Flow Units Source of Data 8] 2) 3)=(2)/1) (2)*(3)]
Oil (in ground) kg of oil World Energy Council 3.2 E+12 24 E+14 75 5.6 E-17
1995 '
Natural Gas (in ground) kg of natural gas World Energy Council 2.0E+12 1.3 E+14 66 - 12E-16
1995
Coal (in ground) kg of coal World Energy Council 4.5E+12 3.0E+1S 666 5.0E-19
1995
Bauxite (A1,0,.2 H,0, ore) dry kg of bauxite US Bureau of Mines 1996 1.1 E+11 2.8 E+13 257 1.4 E-16
Cadmium (Cd, ore) kg of Cd content US Bureau of Mines 1996 2.0 E+07 9.7 E+08 49 2.1E-11
Copper (Cu, ore) kg of Cu content US Bureau of Mines 1996 9.8 E+09 6.1 E+11 62 2.6 E-14
Gold (Au, ore) kg of Au content US Bureau of Mines 1996 2.2 E+06 6.1 E+07 28 59 E-10
Iron (Fe, ore) kg of Fe content US Bureau of Mines 1996 4.3 E+11 1.0 E+14 231 43 E-17
Lead (Pb, ore) kg of Pb content US Bureau of Mines 1996 2.8 E+09 1.2 E+11 43 1.9 E-13
Manganese (Mn, ore) kg of Mn content US Bureau of Mines 1996 7.3 E+09 5.0E+12 685 29E-16
Mercury (Hg, ore) kg of Hg content US Bureau of Mines 1996 3.1 E+06 2.4 E+08 77 54 E-11
Nickel (Ni, ore) kg of Ni content US Bureau of Mines 1996 9.2 E+08 1.1 E+11 120 7.6 E-14
Phosphate Rock (in ground) kg of rock US Bureau of Mines 1996 1.4 E+11 3.4 E+13 248 1.2 E-16
Potash (K,0, in ground) kg of K,0 equivalent | US Bureau of Mines 1996 2.6 E+10 1.7 E+13 649 9.1E-17
Silver (Ag, ore) kg of Ag content US Bureau of Mines 1996 1.4 E+07 4.2 E+08 30 79E-11
Tin (Sn, ore) kg of Sn content US Bureau of Mines 1996 1.8 E+08 1.0 E+10 56 1.8 E-12
Uranium (U, ore) kg of U content World Energy Council 3.3 E+07 1.3 E+10 412 1.8 E-13
1995
Zinc (Zn, ore) kg of Zn content US Bureau of Mines 1996 7.1 E+09 33 E+l11 47 6.5E-14

Due to abundant resources, the depletion index has been set to zero for the following resources: Clay (in ground), Dolomite (CaCO,MgCO,, in ground), Feldspar (ore), Gypsum (ore), Kaolin (AL,0,.25i0,.2H;0, ore), Limestone (in
ground), Sand (in ground), Sedium Chloride (NaCl, in ground or in sea). Note that local shortages of these resources may exist. Local shortages are translated into higher transportation distances and therefore higher emissions, but

they have no impact on the depletion factor.




Table 2.5 Densities of BEES Building Products

Density
Product kg/0.0283n’(1b/ f£)

All Concrete Products 66 (145.51)
Roof and Wall Sheathing

- Oriented Strand Board 17 (37.48)

- Plywood 12 (26.46)
Exterior Wall Finishes

- Brick 60 (132.28)

- Stucco 55 (121.25)
Wall Insulation

- R-13 Cellulose 1.07 (2.35)

- R-11 Fiberglass 0.23 (0.50)

- R-15 Fiberglass 0.54 (1.20)

- R-12 Mineral Wool 0.98 (2.15)
Roof Coverings

- Asphalt Shingles 89 (196.21)

- Clay Tile 60 (132.28)

- Fiber Cement Shingles 44 (97.00)
R-30 Ceiling Insulation

- Cellulose 0.73 (1.60)

- Fiberglass 0.23 (0.50)

- Mineral Wool 0.98 (2.15)
Floor Coverings

- Ceramic Tile 61 (134.48)

- Linoleum 33(72.75)

- Vinyl Composition Tile 59 (130.07)

Indoor Air Quality. Indoor air quality impacts are not included in traditional life-cycle
impact assessments. Most LCAs conducted to date have been applied to relatively short-
lived, non-building products (e.g., paper versus plastic bags), for which indoor air quality
impacts are not an important issue. However, the indoor air quality performance of
building products is of particular concern to the building community and should be
explicitly considered in any building product LCA.

Ideally, equivalency factors would be available for indoor air pollutants as they are for
global warming gases. However, there is little scientific consensus about the relative
contributions of pollutants to indoor air performance. In the absence of equivalency
factors, a product’s total volatile organic compound (VOC) emissions is often used as a
measure of its indoor air performance. Note that total VOCs equally weights the
contributions of the individual compounds that make up the measure. Further, reliance on
VOC emissions alone may be misleading if other indoor air contaminants, such as
particulates and aerosols, are also present.
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Indoor air quality should be considered for the following building elements currently
covered in BEES: floor coverings, wall and roof sheathing, and wall and ceiling
insulation. Other BEES building elements are primarily exterior elements for which
indoor air quality is not an issue.

Floor Coverings. BEES currently includes three floor covering products: ceramic tile
with recycled windshield glass, linoleum, and vinyl composition tile. Data for three
components of their indoor air performance are considered—total VOC emissions from
the products themselves, indoor air performance for their installation adhesives, and
indoor air performance for associated maintenance products.

Recognizing the inherent limitations in using total VOCs to assess indoor air quality
performance, and in the absence of more scientific data, estimates of total VOC emissions
from the floor covering products are used as a proxy for their indoor air performance. As
shown in table 2.6, total VOCs for linoleum and vinyl composition tile flooring measured
in three laboratory studies are averaged to represent their indoor air performance.®
Ceramic tile is inert and emits no VOCs.*

Table 2.6 Volatile Organic Compound Emissions for Linoleum and Vinyl
Composition Tile

Total Volatile Organic Compound Emissions
by Testing Laboratory
(Mg/m’/hr at 24 hours)
Floor Covering Air Quality
Sciences” Armstrong™ Ortech”™ Average
Linoleum 1.667 1.192 0.511 1.123
Vinyl Composition Tile 0.155 0.203 0.179 0.179

*Averages for three linoleum and two VCT emissions tests conducted in a test chamber designed in
accordance with ASTM D5116-90 at Air Quality Sciences Laboratory, Atlanta, Georgia, 1991-1992.
"Averages for four linoleum and ten VCT emissions tests conducted in a test chamber designed in
accordance with ASTM D5116-90 at Armstrong Research and Development Laboratory, Lancaster,
Pennsylvania, 1992-1997.

**"Ortech Corporation, Toronto, Canada, 1996. Ortech results indicating 65% less VOC emissions for vinyl
composition floor tile than linoleum are applied to average VCT emissions, 0.179 Mg/m*hr, measured at
the other two testing laboratories.

The second component of the BEES indoor air assessment for floor coverings is indoor
air performance for their installation adhesives. Both linoleum and vinyl composition tile

2 Note that vinyl composition tile has substantially lower polyvinylchloride (PVC) and plasticizer
contents than vinyl sheet flooring and thus emits lower levels of VOCs. Some vinyl sheet flooring may

emit higher levels of VOCs than linoleum.
2 American Institute of Architects, Environmental Resource Guide, Ceramic Tile Material Report,

1996, p. 1.
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are assumed to be installed using a styrene-butadiene adhesive, and ceramic tile with
recycled glass using a styrene-butadiene cement mortar. Assuming indoor air impacts are
proportional to the amount of styrene-butadiene used per functional unit (as quantified in
the BEES environmental performance data files), styrene-butadiene usage may be used as
a proxy for indoor air performance as follows:

e ceramic tile with recycled windshield glass—0.00311 kg/m’ (0.00028 kg/ft?)
e linoleum—0.00878 kg/m? (0.00079 kg/ft>)
e vinyl composition tile—0.00878 kg/m? (0.00079 kg/ft?)

Finally, indoor air performance is assessed for periodic waxing of the floor coverings.
Assuming indoor air impacts are proportional to the amount of acrylic lacquer used per
year per functional unit (as quantified in the BEES environmental performance data
files), acrylic lacquer usage may be used as a proxy for indoor air performance as
follows:

e ceramic tile with recycled windshield glass—no waxing

o linoleum—-0.5 grams (0.02 0z) of acrylic lacquer per functional unit, applied 4 times
per year

¢ vinyl composition tile—0.5 grams (0.02 oz) of acrylic lacquer per functional unit,
applied 2 times per year

To assess overall indoor air performance for BEES floor coverings, each product’s
performance data for product emissions, installation adhesives, and maintenance are
normalized by dividing by the corresponding performance value for the worst performing
product, then averaged across performance categories as shown in table 2.7. By taking the
simple average, each performance category is weighted equally.

Table 2.7 BEES Indoor Air Performance Scores for Floor Covering Products

Normalized Indoor Air Performance Score
Floor Product Installation
Covering Emissions Adhesives Maintenance Average
Ceramic Tile 0" 35 0’ 12
w/ Glass
Linoleum 100 100 100 100
Vinyl
Composition 16 100 50 55
Tile

*For this exercise, normalized scores of zero are assumed for tile emissions and maintenance

Note that due to shortcomings in indoor air science, the BEES indoor air performance
scores for floor coverings are based on heuristics. If the BEES user has better knowledge,
or simply wishes to test the effect on overall results of changes in relative indoor air
performance, these scores may be changed by editing the “total” and “use” columns of
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the “Indoor Air” rows of the BEES environmental performance data files for floor
coverings. Refer to section 4.4 for more information on these files.

Wall and Roof Sheathing. Indoor air quality is a concern for many wood products due to
their formaldehyde emissions. Formaldehyde is thought to affect human health,
especially for people with chemical sensitivity. Composite wood products using urea-
formaldehyde adhesives have higher formaldehyde emissions than those using phenol-
formaldehyde adhesives, and different composite wood products have different levels of
emissions. Composite wood products include particleboard, insulation board, medium
density fiberboard, oriented strand board (OSB), hardboard, and softwood and hardwood

plywood.

BEES assumes formaldehyde emissions is the only significant indoor air concern for
wood products. BEES currently analyzes two composite wood products—OSB and
softwood plywood. Most OSB is now made using a methylene diphenylisocyanate (MDI)
binder, which is the binder BEES uses in modeling OSB environmental performance.
OSB using an MDI binder emits no formaldehyde other than the insignificant amount
naturally occurring in the wood itself.” Softwood plywood also has extremely low
formaldehyde emissions because it uses phenol-formaldehyde binders and because it is
used primarily on the exterior shell of buildings.® Thus, neither of the two composite
wood products as modeled in BEES are thought to significantly affect indoor air quality.

Wall and Ceiling Insulation. Indoor air quality is also discussed in the context of
insulation products. The main issues are the health impacts of fibers, hazardous
chemicals, and particles released from some insulation products. These releases are the
only insulation-related indoor air issues addressed in BEES.

As a result of its listing by the International Agency for Research on Cancer as a
“possible carcinogen,” fiberglass products are now required to have cancer warning
labels. The fiberglass industry has responded by developing fiberglass products that
reduce the amount of loose fibers escaping into the air. For cellulose products, there are
claims that fire retardant chemicals and respirable particles are hazardous to human
health. Mineral wool is sometimes claimed to emit fibers and chemicals that could be
health irritants. For all these products, however, there should be little or no health risks to
building occupants if they are installed in accordance with manufacturer’s
recommendations. Assuming proper installation, then, none of these products as modeled
in BEES are thought to significantly affect indoor air quality.”’

% Alex Wilson and Nadav Malin, “The IAQ Challenge: Protecting the Indoor Environment,”

Environmental Building News, Vol. 5, No. 3, p 15.
% American Institute of Architects, Environmental Resource Guide, Plywood Material Report, May

1996.
27 Alex Wilson, “Insulation Materials: Environmental Comparisons,” Environmental Building News,

Vol. 4, No. 1, pp.15-16
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2.1.4 Interpretation

At the LCA interpretation step, the impact assessment results are combined. Few
products are likely to dominate competing products in all six BEES impact categories.
Rather, one product may out-perform the competition relative to natural resource
depletion and solid waste, fall short relative to global warming and acidification, and fall
somewhere in the middle relative to indoor air quality and nutrification. To compare the
overall environmental performance of competing products, the performance measures for
all six impact categories need to be synthesized.

Synthesizing the six impact category performance measures involves combining apples
and oranges. Global warming potential is expressed in carbon dioxide equivalents,
acidification in hydrogen equivalents, nutrification in phosphate equivalents, natural
resource depletion as a factor reflecting remaining years of use and reserve size, solid
waste in non-recyclable volume to landfill, and indoor air quality as a dimensionless
score.

How can the diverse measures of impact category performance be combined into a
meaningful measure of overall environmental performance? The most appropriate
technique is Multiattribute Decision Analysis (MADA). MADA problems are
characterized by tradeoffs between apples and oranges, as is the case with the BEES
impact assessment results. The BEES system follows the ASTM standard for conducting
MADA evaluations of building-related investments.*®

MADA first places all impact categories on the same scale by normalizing them. Within
an impact category, each product’s performance measure is normalized by dividing by the
highest measure for that category. All performance measures are thus translated to the
same, dimensionless, relative scale from 0 to 100, with the worst performing product in
each category assigned the highest possible normalized score of 100. Refer to Appendix
A for the BEES environmental performance computational algorithms.

MADA then weights each impact category by its relative importance to overall
performance. In the BEES software, the set of importance weights is selected by the user.
Several derived, alternative weight sets are provided as guidance, and may either be used
directly or as a starting point for developing user-defined weights. The alternative
weights sets are based on an EPA Science Advisory Board study, a Harvard University
study, and a set of equal weights, representing a spectrum of ways in which people,
including the experts, value various aspects of the environment.

EPA Science Advisory Board study. In 1990, EPA’s Science Advisory Board (SAB)
developed lists of the relative importance of various environmental impacts to help EPA
best allocate its resources. The following criteria were used to develop the lists:

% American Society for Testing and Materials, Standard Practice for Applying the Analytic Hierarchy
Process to Multiattribute Decision Analysis of Investments Related to Buildings and Building Systems,
ASTM Designation E 1765-95, West Conshohocken, PA, 1995.
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The spatial scale of the impact
The severity of the hazard
The degree of exposure

The penalty for being wrong

Five of the BEES impact categories were among the SAB lists of relative importance:?

e Relatively High-Risk Problems: global warming, indoor air quality
e Relatively Medium-Risk Problems: acidification, nutrification
e Relatively Low-Risk Problems: solid waste™

The SAB did not explicitly consider natural resource depletion as an impact. For this
exercise, natural resource depletion is assumed to be a relatively medium-risk problem,
based on other relative importance lists.’

Verbal importance rankings, such as “relatively high-risk,” may be translated into
numerical importance weights by following guidance provided by a MADA method
known as the Analytic Hierarchy Process (AHP). ** The AHP methodology suggests the
following numerical comparison scale:

1 Two impacts contribute equally to the objective (in this case environmental
performance)

3 Experience and judgment slightly favor one impact over another

5 Experience and judgment strongly favor one impact over another

7 One impact is favored very strongly over another, its dominance demonstrated in
practice

9 The evidence favoring one impact over another is of the highest possible order of
affirmation

2,4,6,8 When compromise between values of 1, 3, 5, 7, and 9, is needed

Through an AHP process known as pairwise comparison, numerical comparison values
are assigned to each possible pair of environmental impacts. Relative importance weights
can then be derived by computing the normalized eigenvector of the largest eigenvalue of
the matrix of pairwise comparison values. Tables 2.8 and 2.9 list the pairwise comparison
values assigned to the SAB verbal importance rankings, and the resulting importance
weights computed for the six BEES impacts, respectively:

* United States Environmental Protection Agency, Science Advisory Board, Reducing Risk: Setting
Priorities and Stretegies for Environmental Protection, SAB-EC-90-021, Washington, D.C., September
1990, pp 13-14.

* The SAB report classifies solid waste under its low-risk groundwater pollution category (SAB,
Reducing Risk, Appendix A, pp 10-15).

3! See, for example, Hal Levin, “Best Sustainable Indoor Air Quality Practices in Commercial
Buildings,” Third International Green Building Conference and Exposition--1996, NIST Special
Publication 908, Gaithersburg, MD, November 1996, p 148.

32 Thomas L. Saaty, MultiCriteria Decision Making: The Analytic Hierarchy Process--Planning,
Priority Setting, Resource Allocation, University of Pittssburgh, 1988.
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Table 2.8 Pairwise Comparison Values for Deriving Impact Category Importance

Weights
Verbal Importance Pairwise Comparison Value
Comparison
High vs. Medium 2
Medium vs. Low 2
High vs. Low 4

Table 2.9 Relative Importance Weights based on Science Advisory Board Study

Impact Category Relative Importance Weight (%)
Global Warming 27
Acidification 13
Nutrification 13
Natural Resource Depletion 13
Indoor Air Quality 27
Solid Waste 7

Harvard University Study. In 1992, an extensive study was conducted at Harvard
University to establish the relative importance of environmental impacts.”® The study
developed separate assessments for the United States, The Netherlands, India, and Kenya.
In 