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Summary

Managers, management scholars, regulators, nonprofit orga-
nizations, and the media are increasingly using emissions in-
ventory data to measure organizations’ environmental perfor-
mance. Whereas some analysts use total mass emitted, others
have applied one or more of the growing number of toxicity-
weighting databases aimed at predicting the environmental
and health impacts of emissions. Little research is available to
guide analysts in selecting among these databases. This article
compares 13 methods in terms of their sophistication, com-
plexity, and comprehensiveness. Seven of these methods are
then evaluated as to their usefulness in weighting emissions
data from the U.S. Environmental Protection Agency’s (U.S.
EPA’s) toxic release inventory, and three pair-wise compari-
sons are conducted. We recommend the U.S. EPA’s Risk
Screening Environmental Indicators for estimating impacts to
human health. We recommend the Tool for the Reduction
and Assessment of Chemical Impacts for estimating impacts
to human health and the environment.
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Introduction

A growing body of research in the manage-
ment literature investigates the motivations and
implications of organizations’ environmental
management practices and strategies. For exam-
ple, researchers have recently begun examining
the diffusion of voluntary environmental stan-
dards such as the International Organization for
Standardization (ISO) ISO 14001 standard and
the chemical industry’s Responsible Care pro-
gram. Many of these researchers create facility-
level measures of environmental performance
based on pollutant release and transfer registries
(PRTRs) such as the U.S. Environmental Pro-
tection Agency’s (U.S. EPA’s) toxic release in-
ventory (TRI) program. The TRI program is one
of many PRTRs that have emerged around
the world. Australia, Canada, Korea, the Slovak
Republic, and the European Union nations op-
erate PRTRs and publicly disseminate collected
data at the facility level (OECD 2001a, 2001b;
European Environmental Agency 2003).
Facility-level performance metrics are often used
to compare the facility’s performance over time
or relative to other facilities. Developing a mean-
ingful performance metric from TRI data remains
problematic, however, for reasons discussed be-
low. The purpose of this article is to assess various
weighting methods that have been or could be
used to aggregate emissions inventory data and
to recommend which schemes are most appro-
priate for use with TRI data to develop a facility-
level environmental performance indicator.

TRI Overview

In the TRI program, the U.S. EPA requires
facilities to report releases and transfers of spe-
cific chemicals if the facility (1) is primarily en-
gaged in manufacturing, mining, electric utilities,
hazardous waste treatment, or chemical distri-
bution; (2) has ten or more full-time employees;
and (3) manufactures, imports, processes, or oth-
erwise uses any of the listed toxic chemicals in
amounts greater than their threshold quantities
(U.S. EPA 2002g). Currently, the TRI program
requires companies to report emissions of 609
substances (579 chemicals and 30 chemical cate-
gories) to air, surface water, land, and under-

ground injection when their amounts exceed a
minimum reporting threshold (U.S. EPA 2002h,
2003c). TRI also requires that companies report
off-site transfers (e.g., to waste handlers or waste
processors). Compared to other environmental
performance information, TRI — like many
PRTRs—offers researchers the unique combi-
nation of consistently reported facility-level data
that are required by regulations, publicly avail-
able, and free. TRI applies to a wide array of in-
dustries and consists of a panel of thousands of
facilities reporting annual data since 1987.

Yet creating an environmental performance
metric from TRI data remains problematic for
several reasons:

• Data accuracy is uncertain because neither
the U.S. EPA nor state environmental pro-
tection agencies routinely validate TRI
data.1 One study of 60 facilities in three
industries found errors of up to 40% in re-
ported TRI emissions (U.S. EPA 1998a).

• Changes in U.S. EPA instructions contrib-
uted to “a significant portion of the re-
ported reductions” in TRI’s early years
(U.S. GAO 1994, 3).

• Because some TRI data are estimated
rather than measured, apparent cross-
sectional and longitudinal variations in re-
leases can result from different estimation
methods (U.S. EPA 2002k; U.S. GAO
1994).

The accuracy of TRI data remains an open
issue, and we mention it only to alert researchers
contemplating using this database. The chal-
lenges in estimating emissions and characterizing
their uncertainty have been discussed by others
(Frey and Small 2003). Instead, we focus on a
second issue regarding the use of TRI data: ag-
gregation techniques.

Aggregation

The potential harm caused by a particular
amount of a chemical released to the environ-
ment depends on a number of factors, including
the properties of the chemical and the medium
to which it is released. Simply summing annual
emissions of all TRI substances released by a fa-
cility in a given year is a poor proxy for its ag-
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gregate potential harm to human health or the
environment because the toxicity of TRI chem-
icals varies over more than 6 orders of magnitude
(Horvath et al. 1995). In summary, “mass is a
crude proxy for environmental effect” (Lifset
2001, 1).

Unfortunately, this raw summing technique
remains a common method among mass media
outlets, including the Associated Press, the Wall
Street Journal, and the San Francisco Chronicle
(Associated Press Newswires 2002; Kay 2002;
Noah 1996; Shields 1999). This technique has
also been widely employed in the management
literature (e.g., Cohen et al. 1997; Dooley and
Fryxell 1999; Eskeland and Harrison 1997; Feld-
man et al. 1997; Khanna and Anton 2002; Konar
and Cohen 2001) and even in leading scientific
journals (e.g., Rubin 1999). It continues to be
used by several prominent nonprofit organiza-
tions, including the Investor Responsibility Re-
search Center, Bridges to Sustainability, and En-
vironmental Defence Canada (Environmental
Defence Canada 2002; IRRC 2002), and in gov-
ernment publications, including the U.S. Census
Bureau’s Statistical Abstract of the United States,
the California Environmental Protection
Agency’s Strategic Vision, and the North Ameri-
can Commission for Cooperation’s annual Taking
Stock reports (Cal/EPA 2000; CECS 2002; U.S.
Census Bureau 2001). As one example, Lucent
Technology’s EcoPro, which has been used to
evaluate desktop computers’ environmental per-
formance (Caudill et al. 2000), is sufficiently so-
phisticated to combine environmental impact,
resource productivity, and eco-efficiency into
one metric to assess performance of products and
facilities; however, it uses an unweighted sum of
hazardous pollutants (Mosovsky et al. 2000). Fi-
nally, Kleijn (2001) pointed out that two major
reports by the World Resources Institute (Ad-
riaanse et al. 1997; Matthews et al. 2000) cal-
culated bulk-mass flow analyses by aggregating all
materials flows without any weighting scheme.
Yet as Kleijn (2001, 8) notes, “bulk-[mass flow
analysis] indicators are . . . not very good indi-
cators for environmental pressure, as they ignore
differences in the environmental impacts of the
materials being accounted.”

The Importance of Weighting Schemes

More rigorous approaches weight toxic emis-
sions in terms of relative harm (e.g., based on
their toxicity to humans, relative to a reference
chemical) before aggregating them. TRI emis-
sions data should be weighted before comparing
the environmental performance between firms or
over time (Horvath et al. 1995). Some weighting
techniques go further by incorporating the me-
dium of release (e.g., air, water), modeling chem-
ical transport and fate, and assessing exposures.
The most sophisticated methods estimate poten-
tial population exposure based on the physical
and demographic characteristics proximate to
the release. No single method has been estab-
lished as the standard because different ap-
proaches trade off particular benefits and draw-
backs. Often, implementation of more complex
weighting methods is difficult or infeasible due
to data and time constraints.

Management scholars often use environmen-
tal inventory data to develop firm- or facility-
specific measures of environmental performance.
The decision of which weighting scheme to use
is important because the various schemes differ
in their objectives, comprehensiveness, and
weighting values. The choice of scheme can lead
to different conclusions regarding which sub-
stances are most damaging to human and eco-
system health (Pennington and Yue 2000). This
choice can affect the results of environmental
justice investigations that explore the correlation
between socioeconomic status and environmen-
tal health burden (Cutter et al. 2002).

Selecting an appropriate weighing scheme is
also important in other arenas, such as creating
and interpreting life-cycle assessments (LCAs)
and implementing design for environment (DfE)
objectives. Within the LCA methodology, the
weighting schemes discussed in this article are
relevant in the characterization component of
life-cycle impact assessment (LCIA). LCIA can
be viewed as a five-step process: (1) selection of
impact categories, (2) classification of resources
and releases, (3) characterization of resources
and releases to estimate the potential resulting
human health and environmental impacts, (4)
normalization, and (5) weighting2 (Guinée 2002;
ISO 1997, 2000; Seppälä et al. 2001). In LCA
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terminology, this article focuses on characteriza-
tion models, defined as mathematical models of
“the impact of environmental interventions with
respect to a particular impact category” (Guinée
2002, 92), for two impact categories: human
health and ecosystem quality. LCIA uses “mea-
sures of hazard to compare the relative impor-
tance of pollutants within a defined impact cate-
gory” (McKone and Hertwich 2001, 106).

In this article, we compare several weighting
methods and assess their value for use with TRI
data. Previous work has highlighted general is-
sues associated with weighting schemes. Hert-
wich and colleagues (2002) described three lev-
els of sophistication in models that assess the fate
and exposure of toxic chemicals and compare
multimedia to single-medium models. Various
frameworks have been proposed to distinguish
among available methodologies to weight toxic
chemicals (e.g., Bengtsson and Steen 2000; Hert-
wich et al. 1998). Bengtsson and Steen (2000)
categorized weighting methods as “distance to
target,” where weights are higher for substances
as they approach critical health or environmen-
tal levels, or “damage models” that address im-
pacts on ecosystems, human health, and nonre-
newable resources. Hertwich and colleagues
(1998) categorized weighting methods based on
the extent to which they incorporate toxicity
and three exposure factors: persistence, fate, and
exposure pathways. Krewitt and colleagues (2002)
described advantages and drawbacks of several
potency- and severity-based methods to charac-
terize human health impacts resulting from ex-
posure to toxic chemical releases and evaluated
their suitability for LCIA. Others have evaluated
the appropriateness of various weighting schemes
to environmental management (Steen 1999),
product design (Yarwood and Eagan 2001), and
LCA (Hauschild and Pennington 2002a).

The literature on this topic contains only a
few in-depth comparisons of a few methods. For
example, scores from the U.S. EPA’s waste min-
imization prioritization tool (WMPT), which re-
flect chemicals’ persistence, bioaccumulation,
and toxicity, have been compared to toxic equiv-
alency potentials, which incorporate chemical
fate, multipathway exposure, and toxicity (Pen-
nington and Bare 2001). The study reported that
although there were significant structural differ-

ences between the methods and the values for
specific chemicals differed substantially, overall
results from implementing the two methods were
strongly correlated. They concluded that results
of both methods generally agree. This finding is
consistent with another study, wherein four
weighting schemes (EcoIndicator95, Eco-
Indicator99, EcoPro, and Ecological Footprint)
were used to evaluate the relative environmental
impact of three products (Luo et al. 2001). In
each of the three cases evaluated, the four
schemes yielded markedly different values, yet all
four agreed on which product had less impact.
Others have found little or no correlation be-
tween various schemes (Hofstetter et al. 2000),
suggesting that different schemes can lead to
widely varying results. This observation empha-
sizes the importance of selecting a weighting
scheme that is appropriate to the particular anal-
ysis being conducted. A study of six schemes con-
cluded that each scheme (1) had the potential
to yield incorrect evaluations and (2) required
data that an analyst might not be able to acquire
at the necessary level of accuracy (Hertwich et
al. 1997). By applying four increasingly sophis-
ticated risk assessment methods to TRI data,
Zhang and colleagues (2001) showed that site-
specific exposures and chemical-specific fate es-
timations can be important for pollution preven-
tion decision making.

This article extends prior research by exam-
ining 13 weighting methods, many of which have
been developed over the past decade. We high-
light sources of the data underlying each model
to aid researchers. We conclude by recommend-
ing methods to aggregate TRI data. Although our
results may be useful in a number of settings, our
target application is the use of TRI emissions
data to generate environmental performance in-
dicators for facilities located in the United
States. We assume the analyst does not intend
to conduct environmental fate and transport
modeling.

Methods

Selection of Weighting Methods

Literally hundreds of ways exist to quantify
the potential harm caused by releasing chemicals



R E S E A R C H A N D A N A L Y S I S

Toffel and Marshall, Improving Environmental Performance Assessment 147

into the environment.3 Because this article fo-
cuses on toxic impacts, we have not evaluated
weighting methods strictly for issues such as cli-
mate change or stratospheric ozone depletion.
The motivation for this article is to evaluate
weighting schemes for use in future research, es-
pecially related to TRI emissions data. Thus, we
only evaluate databases for which the data and
documentation are readily available.

Based on these criteria, we compiled a list of
13 weighting schemes (see table 1) that have
been or could be used to weight TRI and other
toxic release data. This list came from a literature
review of leading journals in the fields of envi-
ronmental science (e.g., Environmental Science
and Technology, Environmental Toxicology and
Chemistry, Environmental Progress), industrial
ecology (e.g., Journal of Industrial Ecology, Inter-
national Journal of Life-Cycle Assessment), and
business management (e.g., Academy of Manage-
ment Journal, Production and Operations Manage-
ment).

We have omitted several schemes that did not
meet our selection criteria. Four examples are,
first, the Pratt Index (also known as the “hazard-
ous chemical pollutant index”) (Pratt et al.
1993), which has been used recently in environ-
mental justice analyses in Minnesota (Sheppard
et al. 1999) and South Carolina (Cutter et al.
2002). We exclude it from our analysis because
the scheme is not readily available and because
the developer, the Minnesota Pollution Control
Agency, is no longer using this method owing to
lack of funding to update the data (Pratt 2002).
Second, although we found the environmental
burden approach (Clift and Wright 2000; ICI
1997; Wright et al. 1997) to be compelling, we
omitted it because it contains values for only the
small number of TRI chemicals emitted by the
ICI Group. We excluded the WMPT, which was
developed by U.S. EPA to prioritize hazardous
chemicals and focus waste minimization program
initiatives. The WMPT’s values were never fi-
nalized, it is no longer supported by the U.S. EPA
(U.S. EPA 2002l), and its current set of waste
management priority chemicals is based on a
method that is not publicly available. Finally, al-
though we are impressed with the EPA’s persis-
tent bioaccumulative and toxic (PBT) profiler
(U.S. EPA 2002k), it is too narrowly focused for

the objectives of this article. The PBT profiler is
a “screening tool . . . for chemicals without ex-
perimental data” (Environmental Science Cen-
ter 2003), and it aims to identify persistent and
bioaccumulative toxic compounds. Consistent
with this scope, its toxicity values are for chronic
aquatic ecosystem toxicity.

Below, we describe a framework others have
proposed to compare schemes’ complexity and
realism. Subsequently, we describe each weight-
ing scheme.

Model Complexity and Realism

Several researchers have used a four-tiered hi-
erarchy of increasing complexity and realism in
modeling the true potential environmental and
human health impacts of chemical releases (e.g.,
Hertwich et al. 1998; Jia et al. 1996). Each in-
creasing level adds complexity to the more basic
models.

Level 1: Toxicity. These schemes account for
the toxicity and mass of emissions. Toxicity
values typically quantify three types of risk
from chemical exposure: chronic exposure
that may cause cancer; chronic exposure
that may cause noncancerous health im-
pacts, such as reproductive or neurological
disorders; and acute exposure that may
cause noncancerous impacts, such as kid-
ney damage. Both increased emissions and
increased toxicity increases the potential
harm caused by a chemical.

Level 2: Persistence. The persistence of a
chemical in the environment is typically
incorporated in these schemes by tracking
the characteristic time for removal and
degradation of a compound. More persis-
tent chemicals, which take longer to de-
grade or otherwise be removed from eco-
systems, have a greater potential to cause
harm.

Level 3: Concentrations. These schemes pre-
dict chemical concentrations in various
media (e.g., air, water, soil) and model
transfers of chemicals between media. For
example, these models would estimate the
transport of a chemical released to air into
surface water and soil.
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Level 4: Intake. These methods account for
exposures to environmental media. For ex-
ample, intake of an airborne chemical can
occur directly via inhalation and, if the
chemical deposits to surface water, it could
be ingested via drinking water or by eating
fish. The most advanced schemes incorpo-
rate site-specific climate and geography
into fate and transport models, and demo-
graphic surveys into population exposure
calculations.

Some authors identify level “zero” as evalu-
ating mass emissions without a weighting scheme
(Fava et al. 1992; Pennington and Yue 2000).
The above levels of sophistication can be applied
to schemes that use generic environmental con-
ditions, site-specific data, or both (Pennington
and Yue 2000). When employing a weighting
method, analysts typically provide the mass emis-
sion rate of various chemicals released to each
medium (e.g., from TRI data) and the weighting
method database provides weightings for each
chemical and sometimes for each release me-
dium.

In addition to the four-level framework pro-
vided above, there are several other dimensions
of complexity and realism that can be included
in weighting methods. For example, some meth-
ods only characterize toxicity in terms of chronic
cancer potency, whereas others also include
chronic noncancer potency and acute potency.
Some methods characterize human toxicity,
whereas others characterize ecosystem toxicity.
Several schemes make a simplification by char-
acterizing chemical fate, transport, and toxicity
only in terms of inhalation of pollutants released
to air. This simplification ignores the reality that
chemicals are released to air, water, underground
injection wells, and soil; that emissions can mi-
grate between media; and that pollution can be
taken into the body via multiple pathways, in-
cluding ingestion of food and water and dermal
absorption of pollutants in soil and water.

Description of Schemes Evaluated

Table 1 lists the developer of each of the 13
schemes, a few examples of how each has been

applied, and where each database can be ob-
tained. Each scheme is described below.

Human Toxicity Potential
The Human Toxicity Potential (HTP) was

developed to rank toxic emissions, such as from
TRI and LCA data (Hertwich et al. 2001; Hert-
wich et al. 1998; McKone and Hertwich 2001).
HTP values are based on the CalTOX model,
which uses multimedia fate and transport to es-
timate intake via inhalation, ingestion, and der-
mal absorption (DTSC 1993a, 1993b; McKone
et al. 2002; McKone and Enoch 2002). HTPs
incorporate the different toxicities implicit in
these different exposure routes. Up to four values
are provided for each substance to reflect its rela-
tive cancer and noncancer health impact from
releases to air and water. CalTOX is a sophisti-
cated and comprehensive multimedia fate and
transport model, and HTPs have been used to
weight TRI emissions (e.g., Hertwich et al.
2001).

Indiana Relative Chemical Hazard Score
The Indiana Relative Chemical Hazard Score

(IRCHS) scheme has values for many more
chemicals than the HTP, but it is an imprecise
measure of potential damage. It generates a
worker exposure hazard score and an environ-
mental hazard value score based on various cat-
egorizations of a chemical, such as the number of
regulatory lists it has been placed on (CMTI
2001).4 For example, the “air” component of the
IRCHS environmental hazard value is the sum
of the points assigned if the chemical is a criteria
pollutant (20 points), a hazardous air pollutant
(40 points), a high-risk pollutant (20 points),
and/or an extremely hazardous substance (20
points). Three weighting schemes within IRCHS
represent worker hazard, environmental hazard,
and a combined (worker plus environment)
hazard.

Risk-Screening Environmental Indicators
The U.S. EPA’s Risk-Screening Environmen-

tal Indicators (RSEI) model incorporates the fol-
lowing: year-1988 and later TRI emissions for all
U.S. facilities; toxicity for 425 chemicals and
chemical categories; fate, transport, and exposure
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modeling; and size of the exposed population
(Bouwes and Hassur 1997; U.S. EPA 2002j,
2003b).5 RSEI incorporates a combination of
site-specific factors and industry-specific generic
factors (e.g., air modeling uses the facility’s stack
height, if known, or else the mean of known
stack heights for the facility’s three-digit stan-
dard industry code) to calculate comparative,
risk-related scores. The U.S. EPA has developed
one metric based on RSEI so far, the chronic hu-
man health indicator (CHHI). RSEI’s hazard-
based perspective (Pounds � Toxicity Weight)
incorporates releases to air, water, land, and un-
derground injection.

RSEI’s risk-based perspective calculates cer-
tain components of multimedia fate, transport,
and exposure pathways. For example, it includes
ingestion of fish from recreational and subsis-
tence fishing but not ingestion of agricultural
products. RSEI includes evaporation of volatile
compounds from publicly owned water treatment
facilities but not from industrial wastewater, and
it does not include deposition of air emissions.
RSEI provides a surrogate dose (via the inhala-
tion and ingestion pathways) for releases to air
and water, but it does not model exposure to re-
leases to land or resulting contaminated ground-
water. The U.S. EPA is currently developing its
risk-based modeling to include releases to land
(Hassur 2003). RSEI has been used recently to
assess the relative health risk to Oakland resi-
dents resulting from manufacturing facilities re-
porting TRI data (Costa et al. 2002). The model
is unique in its inclusion of site-specific exposure
and population characteristics (e.g., age and gen-
der) by incorporating U.S. census block-level
data. This scheme generates a unique weighting
value for each combination of facility, year,
chemical, release or transfer pathway, and ex-
posure pathway.

EcoIndicator99
EcoIndicator99 is a compilation of several

frameworks that track various environmental
and human health impacts (e.g., impacts of
ozone depletion on human health). Eco-
Indicator99 employs the European Union system
for the evaluation of substances to model the fate
of substances with carcinogenic or eco-

toxicological effects (Goedkoop and Spriensma
2000). EcoIndicator99 builds on EcoIndicator95,
an earlier model developed by the same research-
ers, in three ways (Goedkoop 1998). First,
disability-adjusted life years (see Murray and Lo-
pez 1996) are adopted as a common unit for
quantifying diverse impacts to human health.
Unlike most schemes, this provides an absolute
rather than a relative measure of impact. Second,
environmental damage is extended to include re-
source depletion due to mineral and fossil fuel
consumption and damage to ecosystem quality
due to emissions and land-use changes. Third,
the methods and the input data are updated to
incorporate recent research. EcoIndicator99 ex-
plicitly recognizes the need to incorporate user
ethical values into weighting various environ-
mental impacts, and it presents several versions.
In the quantitative analysis below, we employ the
default version of the model, which attempts to
use weighting values based on scientific consen-
sus.6 For EcoIndicator99, we examine three types
of indicators: respiratory effects on humans from
releases to air, carcinogenic effects on humans
from releases to air or water, and ecosystem qual-
ity damage due to releases to air or water. Values
specific to releases to air, water, and soil are avail-
able for the latter two indicators, whereas only
values pertaining to air are available for the for-
mer indicator.

Environmental Design of Industrial
Products
Begun in 1991, the Environmental Design of

Industrial Products (EDIP) project seeks to de-
velop methods to consider environmental as-
pects in product design. The resulting LCA
weighting scheme includes an impact assessment
stage that incorporates seven impact assessment
categories: global warming, stratospheric ozone
depletion, photochemical ozone formation, acid-
ification, nutrient enrichment, eco-toxicity, and
human toxicity via environmental exposure
(Wenzel et al. 1997). We focus on the latter two
categories. EDIP provides values that reflect the
relative eco-toxicity in water and soil resulting
from the release of 71 substances to air, water,
and soil, as well as their relative toxicity to mi-
croorganisms in sewage treatment plants from
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emissions to wastewater treatment plants (Haus-
child, Wenzel et al. 1998; Wenzel et al. 1997).
These values incorporate each substance’s tox-
icity, biodegradability, and dispersion in the en-
vironment. Human toxicity potential values
quantify the relative toxicity from exposure via
air, surface water, and soil pathways resulting
from emissions of 100 substances to air, water,
and soil (Hauschild, Olsen et al. 1998; Wenzel
et al. 1997). Nine human toxicity potential val-
ues are generated for each substance. The Danish
Environmental Protection Agency released a
beta version of the EDIP personal computer tool
in 1998, but a finalized version is not yet avail-
able.

Tool for the Reduction and Assessment of
Chemical Impacts
According to its developers, the Tool for the

Reduction and Assessment of Chemical Impacts
(TRACI) is “a software tool that allows the eval-
uation of the environmental and human health
impacts associated with the raw material usage
and chemical releases resulting from the pro-
cesses involved in producing a product. TRACI
allows one to examine the potential for impacts
for a single life-cycle stage, or the whole life cy-
cle, and to compare the results between products
or processes” (U.S. EPA 2002d). TRACI pro-
vides several environmental impact categories.
Eco-toxicity, eutrophication, human health can-
cer, and human health noncancer are available
for releases to both air and water (Bare et al.
2002; Norris 2002). For human health, TRACI
employs the CalTOX HTP values discussed
above. For releases to air, TRACI calculates ad-
ditional environmental impact categories, in-
cluding ozone depletion, global warming, acidi-
fication, and photochemical smog. Fossil fuel
depletion, land use, and water intake are also in-
corporated (U.S. EPA 2002d, 2002e, 2002f,
2002i). We focus on TRACI’s values that esti-
mate potential impacts to terrestrial and aquatic
ecosystems, which are calculated separately for
emissions to air and water.

Comprehensive Environmental Response,
Compensation, and Liability Act
Reportable Quantities
This scheme was established by the U.S.

Comprehensive Environmental Response, Com-

pensation, and Liability Act (CERCLA) (com-
monly known as “Superfund”). The U.S. EPA
requires immediate notification to local author-
ities should a listed substance be released into the
environment in an amount beyond its reportable
quantity (RQ).7 The U.S. EPA establishes these
values based on a chemical’s aquatic toxicity,
acute mammalian toxicity (oral, dermal, and in-
halation), ignitability, reactivity, chronic toxic-
ity, and potential carcinogenicity, as well as its
susceptibility to degradation via biodegradation,
hydrolysis, and photolysis (U.S. EPA 2002b).
CERCLA RQ values derive from several other
regulations, including the Clean Water Act, the
Clean Air Act, and the Resource Conservation
and Recovery Act.8 For simplicity, there are only
five RQ values (1, 10, 100, 1,000, and 5,000 lb),
and they are not media specific. King and Lenox
(2000) used the inverse of RQ values as a proxy
for the environmental harm of TRI emissions to
air. This method has been employed in much of
the subsequent management research that uses
TRI data (e.g., Harrison 2002; King and Lenox
2001a; King and Shaver 2001; Lenox 2001;
Lenox and Nash 2003; Russo 2002).

Toxicity Schemes
The remaining entries in table 1 are toxicity

values that do not incorporate fate and transport.
These include the following:

• Threshold Limit Value–Time-Weighted
Average (TLV-TWA)

• Minimal Risk Levels (MRLs) (ATSDR
2002)

• Short-Term Exposure Limit (STEL)
• Permissible Exposure Limit (PEL) (U.S.

OSHA 2001)
• Acute Reference Exposure Levels (acute

RELs) for Airborne Toxicants (Alexeeff et
al. 1999)

• Chronic Reference Exposure Levels
(chronic RELs) for Airborne Toxicants
(Alexeeff et al. 2000)

• Cancer Unit Risk Potency Factors (U.S.
EPA 2002c)

Three of these seven toxicity values (TLV-TWA,
STEL, and PEL) are intended for worker protec-
tion. Toxicity schemes have been employed fre-
quently to estimate the relative impact of emis-
sions, as noted in table 1.
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Evaluation

Various characteristics are important in eval-
uating weighting schemes. Hauschild and Pen-
nington (2002b) listed seven criteria for evalu-
ating eco-toxicity indicators: (1) scientific
validity of the approach, assumptions, and inter-
pretation; (2) relevance to environmental im-
pact or damage; (3) reproducibility of values;
(4) transparency of the method and how it ad-
dresses uncertainty; (5) extent to which practi-
tioners can comprehend the method; (6) feasi-
bility of calculating values for all relevant
substances; and (7) availability of data required
to calculate values.

We evaluate the schemes in table 1 based on
two criteria: First, schemes that incorporate the
complexities of fate, transport, toxicity, and ex-
posure are more likely to produce values that ac-
curately reflect actual impacts to human health
and the environment. This emphasis on realism
is consistent with the modeling hierarchy pro-
posed by Hertwich and colleagues (1998) and by
Jia and colleagues (1996). Second, the scheme
should be comprehensive, including as many
TRI chemicals as possible.

Model Complexity and Realism

We group the schemes into four categories of
increasing complexity and realism. For categories
2 through 4, we identify which pollutant release
media each scheme is designed for and which
exposure pathways are incorporated. We also
note whether the scheme’s fate, transport, and
exposure modeling incorporate location-specific
data. Finally, we identify the number of values
each scheme generates for each substance and
indicate whether the scheme generates relative
(unitless) values or absolute values. Table 2 pre-
sents the results of this analysis.

Category 1
Category 1 includes schemes that reflect tox-

icity to workers and schemes that do not char-
acterize fate and transport. The former are not
designed to measure the impact of releases to the
environment, whereas the latter are less sophis-
ticated and less realistic than the schemes in the
other three categories. Several schemes are in
category 1, including IRCHS-worker, TLV-

TWA, STEL, PEL, MRLs, acute RELs, Chronic
RELs, and Cancer Unit Risk Potency Factors.

Category 2
Category 2 contains two schemes that are

based on regulations rather than fate and trans-
port models: RQ and IRCHS. As these are not
explicitly based on fate and transport models,
these schemes are not recommended as toxicity
weights (Hertwich et al. 1998; Zhang et al.
2001), although they may well be useful in other
contexts such as measuring relative regulatory
scrutiny. RQs are problematic as toxicity weights
for several additional reasons. First, being divided
into only five discrete values reduces their pre-
cision as a measure of relative harm. Second,
only one RQ value is available for each chemical
regardless of the medium to which it is released
(e.g., air, water). We elaborate further on this
concern below. Third, it is difficult to determine
whether any particular RQ value was established
because of the chemical’s aquatic toxicity, acute
toxicity, chronic toxicity, ignitability, reactivity,
or potential carcinogenicity. This is particularly
problematic because only one RQ value exists
per substance, regardless of release medium. Con-
sequently, applying RQs to substances released to
air is likely to result in some of the weights being
determined by aquatic toxicity, a poor proxy for
human health or eco-toxicity impairment result-
ing from releases of toxic chemicals to air.

IRCHS values seem well designed to provide
an indicator of regulatory scrutiny. This may be
useful for prioritizing compliance management, a
key component of environmental management
systems. We believe this scheme is less appropri-
ate, however, as a weighting factor for relative
potential to impact human health or the envi-
ronment. Perhaps the greatest advantages of
IRCHS are that its approach is straightforward
and easy to understand and that it has values for
a large number of TRI chemicals. Similarly, RQs
offer the advantage of being straightforward and
offering wide TRI coverage. RQs are useful for
ranking chemicals in terms of the severity of a
potential accidental release (e.g., an accidental
spill).

Category 3
Category 3 includes the two schemes (HTP

and RSEI) that estimate human health impacts
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based on fate and transport modeling. HTP is a
significant improvement over schemes based
solely on toxicity (e.g., TLVs) or on proxies for
toxicity (e.g., IRCHS and inverse RQs). RSEI
offers the distinct advantage of incorporating
site-specific information, such as the population
density near an emission source.9 Although it in-
corporates a less detailed multimedia fate and
transport model than HTP, this disadvantage can
be viewed as a trade-off with the benefit of using
site-specific data, such as population density. Un-
like most schemes, RSEI software integrates sev-
eral datasets including emissions, toxicity, geog-
raphy, and population, thereby offering the
potential to reduce significantly the resources
and effort needed to pose and answer research
questions. RSEI is an excellent tool worthy of
greater attention by scholars of environmental
management.

Category 4
The final category, category 4, contains the

three schemes that estimate impact to human
health and to the environment (TRACI, Eco-
Indicator99, and EDIP). These schemes address
stratospheric ozone depletion, global warming,
land-use changes, acidification, eutrophication,
and photochemical ozone formation. Some also
model resource depletion. All three schemes use
a multimedia fate and transport model to esti-
mate impacts to human health. In aggregating
various environmental impacts, EcoIndicator99
is a flexible platform that explicitly incorporates
the user’s environmental values, whereas TRACI
offers a single value for each chemical. With
seven values pertaining to eco-toxicity and nine
to HTP, EDIP offers the most values per sub-
stance. EDIP also provides a method for research-
ers to develop reliable values for additional sub-
stances. A recent study commissioned by the
Danish Environmental Protection Agency, one
of the co-creators of EDIP, reported that most of
the dozen international LCA experts surveyed
found EDIP to be the most advanced, complete,
and consistent LCA method available (Sørensen
2002).

Comprehensiveness

The TRI program currently consists of 609
substances, which we refer to as “current TRI

substances.” The U.S. EPA has added many of
these substances over the past few years. Analysts
who use time series analysis to evaluate changes
of facilities’ TRI emissions often use the subset
of 312 of these substances that were initially re-
quired by the TRI program in 1987 (U.S. EPA
2003c). We refer to this group as the “original
TRI substances still in the program.” Figure 1
presents the number of TRI substances for which
values exist under the various forms of each
scheme, along with the proportion of coverage
of original and current TRI substances.

Note that IRCHS environmental scores,
RSEI CHHI, and RQ are the most comprehen-
sive schemes, as they cover the largest proportion
of current and original TRI substances. The
problems associated with limited coverage are
addressed below in the discussion section.

EcoIndicator and EDIP, schemes with com-
plex models, cover less than 10% of current TRI
substances. These models require a great deal of
data to produce values for a substance. In addi-
tion, these schemes were developed in Europe
and were thus not targeted toward TRI sub-
stances, as were schemes such as RSEI and HTP.

Comparative Analysis

Table 3 presents pair-wise Pearson correlation
coefficients between the schemes’ values and the
number of observations used to calculate each
correlation coefficient. Correlations among all
values common to both schemes are presented in
columns labeled “a.” The “b” columns present
correlations for only consistently reported TRI
substances. By examining Pearson correlation
coefficients, we measure the extent to which the
relationship between any two schemes is linear.
The lower the correlation, the greater the chance
that using the two different schemes is likely to
yield different results. For example, the first panel
in table 3 shows that RSEI CHHI inhalation tox-
icity factors (used in the RSEI hazard model) are
correlated with HTP cancer air values (which
TRACI uses to assess human health impacts),
suggesting that using either scheme may yield
similar results. In contrast, the middle panel il-
lustrates that inverse RQ values are not corre-
lated with EcoIndicator99’s or HTP’s cancer wa-
ter values, suggesting that these schemes are
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Percentage of TRI substances
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Figure 1 The number and proportion of Toxic Release Inventory (TRI) substances for which values are
available from each scheme varies widely. The white bars indicate the percentage of the original 312
substances still in the TRI program for which each scheme has values. The labels refer to the number of
values the scheme has pertaining to this set of chemicals. The black bars and labels convey the analogous
information pertaining to the 609 TRI substances currently in the TRI program. For example, the Human
Toxicity Potential cancer scores for releases to air (HTP cancer air) include 102 values pertaining to the
original TRI substances still in the program. This constitutes 33% of those 312 substances. This weighting
method includes 124 values that pertain to the 609 current TRI substances, representing 20% coverage.
Abbreviations are as follows: HTP � Human Toxicity Potential; IRCHS � Indiana Relative Chemical Hazard
Score for Environment; RSEI � Risk-Screening Environmental Indicators; CHHI � Chronic Human Health
Indicator; EDIP � Environmental Design of Industrial Products; TRACI � Tool for the Reduction and
Assessment of Chemical Impacts; RQ � Comprehensive Environmental Response, Compensation, and
Liability Act Reportable Quantity.

likely to yield dissimilar results. Eco-toxicity val-
ues are presented in the bottom panel for Eco-
Indicator99, IRCHS, EDIP, TRACI, and inverse
RQ. Among the ten comparisons in the bottom
panel, only TRACI and EDIP are correlated.

Below, we present three pair-wise compari-
sons that may be of interest to the reader. First,
we compare HTP air to inverse RQ values. We
provide this comparison because of the recent
trend among management scholars to weight
TRI data using inverse RQ values and because
HTP values incorporate multimedia fate and
transport. Second, we compare the two environ-

mental impact schemes offering the most com-
prehensive coverage of TRI: TRACI and IRCHS
environment values. Third, we compare RSEI’s
two scoring systems to explore how its risk scores,
which incorporate both relative population ex-
posure and relative toxicity, differ from the haz-
ard scores that only incorporate the latter.

Comparing HTP Air and Inverse
RQ Values
Box-and-whisker plots illustrating the distri-

bution of HTP noncancer air (NCA) and cancer
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Table 3 Pair-wise Pearson correlations among schemes

1 2 3 4 5

a b a b a b a b a b

Human toxicity schemes, releases to air

1 HTP cancer air 1.00 1.00
157 102

2 HTP noncancer air 1.00 �0.02 1.00 1.00
121 82 314 176

3 EcoIndicator99 cancer air �0.05 0.01 0.04 0.04 1.00 1.00
35 30 32 30 43 33

4 RSEI CHHI inhalation toxicity 0.73 0.73 0.01 0.01 0.16 0.16 1.00 1.00
115 94 230 172 35 33 425 251

5 Inverse RQ 0.17 0.32 0.16 0.21 0.31 �0.03 0.32 0.38 1.00 1.00
122 94 217 142 36 31 245 189 770 219

Human toxicity schemes, releases to water

1 HTP cancer water 1.00 1.00
149 94

2 HTP noncancer water 0.999 0.89 1.00 1.00
113 74 309 174

3 EcoIndicator99 cancer water 0.38 0.92 0.22 0.22 1.00 1.00
31 26 32 30 41 33

4 Inverse RQ 0.17 0.29 0.16 0.27 0.34 0.19 1.00 1.00
118 90 214 140 36 31 770 219

Eco-toxicity schemes, releases to air

1 EcoIndicator99 ecotoxity air 1.00 1.00
46 23

2 IRCHS environment �0.13 �0.10 1.00 1.00
35 22 1122 257

3 EDIP air-air �0.04 0.01 0.11 0.10 1.00 1.00
10 8 77 47 100 47

4 TRACI eco-toxicity air �0.05 �0.05 0.05 �0.01 0.997 0.01 1.00 1.00
31 19 115 65 29 25 161 67

5 Inverse RQ 0.09 �0.18 0.17 0.28 0.43 0.08 0.20 0.31 1.00 1.00
30 21 734 218 59 42 101 61 770 219

Note: The “a” columns present pair-wise Pearson correlation coefficients above the number of observations for all
weighting values promulgated by both schemes, even for substances not in the U.S. EPA TRI program. The “b”
columns present these figures for the subset of weighting values that pertain to original TRI substances still in the
program. The high correlations between HTP cancer and noncancer values, and between EDIP and TRACI values,
are attributable to one substance (2,3,7,8-TCDD, Chemical Abstracts Service #1746016), whose weighting values
are orders of magnitude larger than all others in each of these schemes.

air values for each inverse RQ value are pre-
sented in figures 2 and 3, respectively.

Figure 2 illustrates an increasing value of the
median HTP NCA value for each consecutive
inverse RQ value, although the correspondence
is much weaker when viewing the box or whisker

values. Figure 3, which presents the relationship
between HTP cancer air values and inverse RQ
values, shows less correspondence than figure 2.
For example, substances with inverse RQ values
of 0.0002 (i.e., RQ values of 5,000), the U.S.
EPA’s least stringent value, are considered more
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Figure 2 Plot of Human Toxicity Potential (HTP) noncancer air values against inverse of Reportable
Quality (inverse RQ) values. The horizontal line within each box represents the median HTP noncancer air
value for each inverse RQ value. The plot reveals a positive correlation between these median values and
inverse RQ values, although the relationship is weak when considering the box-and-whisker values. The box
ranges from the twenty-fifth percentile (X25) to the seventy-fifth percentile (X75), the interquartile range
(IQR). The upper vertical line extends up from the top of the box to the largest data point that is less than
or equal to X75 plus 1.5 times the IQR. The lower vertical line extends down from the bottom of the box
to the smallest data point that is greater than or equal to X75 minus 1.5 times the IQR. Any points beyond
the range of the vertical lines are presented as points above or below the lines. The width of each box is
proportional to the number of observations.

relatively damaging by the HTP scheme than
substances with inverse RQ values of 0.001, 0.01,
and 0.1. In other words, substances considered to
have a low impact according to the RQ values
have a high impact according to the HTP values.

Comparing TRACI and IRCHS
Environmental Values
As illustrated in figures 4 and 5, IRCHS en-

vironment scores are uncorrelated with either
TRACI eco-toxicity air (r � 0.010) or water (r
� 0.073) values. This result is likely due to the
very different methods employed to generate
their values. As discussed earlier, IRCHS values
are based on the number of regulations to which
a particular substance is subjected. On the other
hand, TRACI models the potential harm to

plant and animal species from chemicals released
into the environment. TRACI eco-toxicity val-
ues are more scientifically rigorous than IRCHS
environmental values. As such, the low cor-
relation between the two schemes undermines
the credibility of using IRCHS as a toxicity-
weighting scheme.

Comparing RSEI Hazard Scores to Risk
Scores
Because RSEI calculates CHHI values specific

to each facility-year for each substance released
to air, one cannot directly compare RSEI to other
schemes. Therefore, we used the following two
equations to generate two weighting values for
each substance; one value incorporates toxicity,
the other value incorporates both toxicity and
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Figure 3 Plot of Human Toxicity Potential (HTP) cancer air values against inverse of reportable quantity
(inverse RQ) values. This plot reveals little correspondence between these two schemes. The box-and-
whisker graphing format is the same as in figure 2.

year-1999 population exposure. We summed the
product of every facility’s 1999 toxicity-weighted
releases to air of chemical c and the model’s ex-
posure and population estimates and then di-
vided this figure by the total pounds of chemical
c released to air by all facilities reporting TRI
data in 1999.

Average substance hazard weightc,air,1999

F

(REL *TOX )c c� ,air,f,1999 ,air
f�1

� F

RELc� ,air,f,1999
f�1

Average substance risk weightc,air,1999

F

(REL *TOX )(*EXP *POP )c c c air,� ,air,f,1999 ,air ,air,f,1999 f,1999
f�1

� F

RELc� ,air,f,1999
f�1

where RELc,f,air,1999 is the mass of chemical c re-
leased to air by facility f in 1999 in pounds,
TOXc,air is the toxicity weight of chemical c re-

leased to air, EXPc,air,f,1999 is the exposure weight
of chemical c released to air by facility f in 1999,
and POPair,f,1999 is the population affected by re-
leases to air by facility f in 1999.

We then plotted these average risk weights
against the toxicity weights to assess the degree
to which their values corresponded (figure 6).
The cluster of data points indicates an overall
correspondence between these two weighting
values. For most toxicity values, however, the
corresponding average risk values range across
2 orders of magnitude. Thus, applying RSEI
weights that incorporate both toxicity and popu-
lation exposure may yield significantly different
results from using a toxicity-weighting scheme.

Discussion

The Importance of Medium-Specific
Values

A chemical’s impact to human health and the
environment depends on the release medium.
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Figure 4 Plot of Tool for the Reduction and Assessment of Chemical Impacts (TRACI) eco-toxicity air
values against Indiana Relative Chemical Hazard Score (IRCHS) environmental values. Little correspondence
exists between these two schemes.

Figure 5 Plot of Tool for the Reduction and Assessment of Chemical Impacts (TRACI) eco-toxicity water
values against Indiana Relative Chemical Hazard Score (IRCHS) environmental values. Little correspondence
exists between these schemes.
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Figure 6 Plot of Risk-Screening Environmental Indicators (RSEI) model’s average substance risk weight
values against substance toxicity weight values on a log-log scale. Average substance risk weight values were
calculated using all facilities’ 1999 toxicity-weighted releases to air and the model’s exposure estimates.
Although the plot indicates an overall correspondence, there is significant scatter in the data, and values
deviate from a straight-line relationship by 2 or more orders of magnitude. This scatter indicates that
analyses using the risk weight values may differ significantly from analyses using the toxicity weight values.

For example, the same quantity of a specific
chemical might have vastly different impacts if
released to air or to water. More realistic weight-
ing schemes account for this difference and pro-
vide multiple sets of values for the various pos-
sible release media. For example, HTP provides
distinct toxicity values for releases to air and to
water, whereas TLVs are only for releases to air.
Media-specific weighting values should only be
used for the medium to which those values apply
(e.g., toxicity values for releases to air should not
be applied to water releases).

Three types of problems can arise with
weighting schemes related to this issue of release
medium. First, some schemes, such as RQs and
IRCHS, generate only one value per substance
regardless of release medium, implicitly indicat-
ing that their values are equally appropriate for
any release medium. Although this type of
scheme is straightforward to use, it is also less

realistic than media-specific schemes. Second,
some schemes combine media-specific values to
yield an aggregate value for each chemical. Al-
though evaluating media-specific inputs adds re-
alism to a scheme, the single, aggregated values
are less useful in the TRI context where emis-
sions data are media-specific.

To quantify how release medium can influ-
ence toxicity, we compared HTP values for re-
leases to air to values for releases to water of origi-
nal TRI substances. We found low correlation
between release media (r � 0.32, n � 94) for
cancer toxicity and high correlation between re-
lease media (r � 0.95, n � 174) for noncancer
toxicity. This comparison suggests that when as-
sessing relative risks between chemicals, release
medium may be more important for cancer tox-
icity than for noncancer toxicity. For certain
chemicals, there can be enormous differences
between the HTP-cancer-air and HTP-cancer-
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water values. For example, the HTP cancer value
for releases of benzoic trichloride to air is 10,000
times larger than the value pertaining to releases
to water.10 On the other hand, the HTP cancer
air value for releases of methyl tert-butyl ether to
air is 2/1,000 of the value pertaining to releases
to water.11

Missing Weighting Values

One of the practical difficulties facing an an-
alyst who wishes to use a TRI weighting scheme
is the issue of missing values. Weighting schemes
often involve information-intensive modeling,
and it is not surprising that the data required to
produce weighting values are not available for all
chemicals of interest.

Lack of comprehensive coverage is particu-
larly important in two cases: (1) if the substances
for which values are missing would be heavily
weighted and (2) when an analyst suspects the
omitted values might systematically bias results.
The latter case requires a thorough understand-
ing of how the authors of each scheme deter-
mined which substances they would create values
for and is beyond the scope of this article. One
way to evaluate the former cases is to examine
these substances based on their values provided
by other schemes.

For example, consider the 222 HTP NCA
values and the 298 RQ values that pertain to the
current list of TRI substances. Of these, 173 sub-
stances have both HTP NCA and RQ values,
125 substances have RQ values but not HTP
NCA scores, and 49 substances have HTP NCA
scores but not RQ values. We evaluated the av-
erage toxicity for these three groupings of chem-
icals (i.e., those with both HTP NCA and RQ
values, those with only HTP NCA values, and
those with only RQ values). Our analysis, shown
in table 4, suggests that for both weighting meth-
ods, chemicals with missing values are more toxic
than chemicals with values. The RQ values sug-
gest that chemicals without HTP NCA values
are approximately 80% more toxic than chemi-
cals with HTP NCA values. The HTP NCA val-
ues suggest that chemicals without RQ values are
approximately 60% more toxic than chemicals
with RQ values. For any weighting scheme, there
may be a systematic difference between chemi-

cals with and without weighting values. There-
fore, analysts should carefully consider how miss-
ing values are treated.

No single, broadly accepted method exists for
evaluating emissions that lack a weighting value.
Four possible methods include the following:

1. Restrict the analysis to those chemicals
with a weighting value (i.e., omitting
chemicals that lack weighting values).

2. Assign the mean or median weighting
value to all chemicals that lack weighting
values.

3. Estimate surrogate weighting values with a
second weighting scheme. For example, if
an analyst using scheme A wants to use
scheme B to estimate a surrogate value for
chemical c, he can first calculate the av-
erage ratio for weighting values for these
two schemes, based on all chemicals that
the two schemes have in common. Then,
the weighting value in scheme B for chem-
ical c can be multiplied by the average ra-
tio of A to B to estimate a surrogate value
for chemical c.

4. Estimate values based on the chemical
structure, the mechanism of toxicity, or
other a priori information.

None of these four methods is perfect. Although
the fourth method is the most grounded scien-
tifically, time and budget constraints often pre-
clude its use.12 When it is not possible to imple-
ment the last method, determining which among
the remaining methods is most accurate is not
straightforward. It depends on how similar the
distribution of the (unknown) missing values
would be to the distribution of known values. If
the analyst has reason to believe that these two
distributions are similar, then the best proxy for
the unknown values is the mean of the known
values. If, however, there is reason to suspect that
the distributions differ significantly (e.g., if the
missing values pertain to less toxic chemicals),
then it is unclear which method is more accurate.
In most cases, the analyst has no information
about the distribution of the missing values.
Consequently, analysts may wish to employ all
three remaining methods to determine the sen-
sitivity of the results to this choice.
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Table 4 Analysis of missing values: Reportable Quantity (RQ) and Human Toxicity Potential (HTP)
schemes for current Toxic Release Inventory (TRI) substances

Average HTP
NCA value

Average inverse
RQ value

Number of
substances

1. Substances with both RQ and HTP
noncancer air (NCA) values

441,222 0.129 173

2. Substances with an RQ value but no HTP
NCA value

n/a 0.204 125

3. Substances with an HTP NCA value but no
RQ value

799,492 n/a 64

4. Ratio of average value for substances in only
one scheme (row 2 or 3) to average value for
substances in both schemes (row 1)

1.8 1.6 n/a

Conclusions

Understanding the fate and transport of pol-
lutants, and their impact on human health and
the environment, is an area of ongoing research.
No single best weighting method exists to eval-
uate chemical release inventories, and choosing
a method involves trade-offs, such as between
scientific sophistication and comprehensiveness
of TRI chemicals.

The 13 schemes we evaluated can be divided
into four categories, according to what the
weighting values represent:

1. Toxicity to workers and/or the general
public (TLV, MRLs, STEL, PEL, REL, unit
risk potency factor)

2. Regulatory attention (IRCHS, RQ)
3. Human toxicity, based on a multimedia

fate and transport model (HTP, RSEI)
4. Human toxicity and ecosystem impacts,

based on a multimedia fate and transport
model (EcoIndicator99, EDIP, TRACI)

Recognizing the inherent trade-offs in choos-
ing a weighting scheme, we make the following
recommendations.

1. Schemes based on toxicity to workers (e.g.,
PEL) or the number of regulations that
govern a chemical (IRCHS) are not well
suited to weight chemical releases to the
environment. Instead, analysts should
choose a scheme from categories 3 or 4, as
these schemes are more sophisticated and
provide a more realistic description of the

impacts caused by emissions to the envi-
ronment.

2. Analysts only interested in impacts to hu-
man health should use a scheme from cate-
gory 3. Because of the greater coverage of
TRI chemicals and the greater realism
gained from incorporating site-specific
data, we recommend RSEI over HTP for
developing metrics of facility performance.
RSEI offers significantly more values per-
taining to current TRI substances than
does HTP (69% for RSEI CHHI compared
to 19% for HTP cancer and 36% for HTP
noncancer). RSEI estimates site-specific
impacts for each TRI facility in the United
States. HTP is based on exposure in a ge-
neric environment, but it incorporates
pathways not considered in RSEI (e.g., de-
position of air emissions onto agricultural
plants and subsequent ingestion). Analysts
especially concerned with multimedia pol-
lutant transfer, or seeking a second weight-
ing method as a sensitivity analysis, may
wish to use HTP.

3. Analysts interested in impacts to human
health and the environment should
choose a scheme from category 4. The
choice among EcoIndicator99, EDIP, and
TRACI is significantly impacted by cov-
erage of TRI substances. Although the
TRI coverage is poor for TRACI (between
16% and 36% for the six TRACI schemes
we evaluated), TRI coverage for Eco-
Indicator99 and EDIP is too small (less
than 10% each) to be useful.
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4. Analysts may wish to use multiple weight-
ing schemes to determine the extent to
which their results depend on which
scheme is chosen.

5. Because no scheme has 100% coverage of
TRI emissions, analysts may wish to ex-
plore the extent to which results are sen-
sitive to missing weighting values. This
article has described several methods to
do so.

On a final note, many of the methods dis-
cussed in this article are under ongoing devel-
opment, and new methods are emerging. Im-
provements are likely, and analysts should
consult the latest literature to obtain the most
recent values and methods.
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Notes

1. The U.S. EPA inspects a few hundred facilities
per year. Facilities that reported TRI emissions
are inspected to assess the accuracy of reported
data. Facilities that are in a TRI industry, but did
not report TRI emissions, are inspected to assess
whether they should have reported. In U.S. EPA
region 9 (primarily California, Arizona, Hawaii,
and Nevada), the U.S. EPA annually inspects 25
to 40 facilities that did not report, which results
in roughly ten enforcement actions against fa-
cilities that were required to report. From its an-
nual inspections of five to ten facilities in region
9 that reported TRI data, the U.S. EPA typically
brings approximately three enforcement actions
based on data inaccuracies (Browning 2002).

2. In LCA terminology, “weighting” assumes a com-
pletely different meaning, defined as “a step of
impact assessment in which the (normalized) in-
dicator results for each impact category are as-
signed numerical factors according to their rela-
tive importance, multiplied by these factors and
possibly aggregated; weighting is based on value-
choices (e.g. monetary values, standards, expert
panel)” (Guinée 2002, 99). In other words, in
LCA methodology, weighting involves assigning
relative weights to aggregate disparate impact
categories to a single value. Various methods are
discussed elsewhere (e.g., Bengtsson and Steen

2000; Guinée 2002; Pennington et al. 2000; Sep-
pälä et al. 2001; Udo de Haes 2000; Udo de Haes
et al. 2002).

3. For example, nearly 50 hazard/risk assessment
methodologies are listed in a database jointly de-
veloped by the Organisation for Economic Co-
operation and Development (OECD) and the
World Health Organization’s International Pro-
gramme on Chemical Safety (OECD/IPCS
2000).

4. The IRCHS scheme builds on and extends a simi-
lar scheme for aquatic ecosystem impacts pro-
duced by the University of Tennessee (UTN).
Because IRCHS incorporates the UTN method,
we have not considered the UTN method here.

5. RSEI version 2.0 beta 2.0 was used in our analysis;
425 inhalation toxicity weights (ITWs) and 419
oral toxicity weights (OTWs) are provided in a
file named “chemical.db” in the ITW and OTW
columns, respectively.

6. In EcoIndicator99 terms, we employ the hier-
archist characterization rather than individualist
or egalitarian (see Goedkoop and Spriensma
2000).

7. See The Emergency Planning and Community Right-
to-Know Act (EPCRA), Section 304 (U.S. EPA
1986). For the substances covered under this act,
see the Code of Federal Regulations (U.S. CFR
2003a).

8. For the relevant sections, see the Code of Federal
Regulations (U.S. CFR 2003a). Also, see Desig-
nation of Additional Hazardous Substances and
Establishment of Reportable Released Quantities;
Regulations (U.S. EPA 1980).

9. Current research may extend HTPs to incorpo-
rate site-specific data (DeSimone et al. 2002a,
2002b).

10. HTP cancer values for benzoic trichloride are
277.65 for releases to air and 0.023 for releases to
water.

11. HTP cancer values for methyl tert-butyl ether are
6.1 � 10– 6 for releases to air and 3.6 � 10–3 for
releases to water.

12. This fourth method is time consuming when im-
plemented by hand. Desktop programs such as
TOPKAT, MultiCase, and DEREK automate the
process, but they are expensive, their output often
requires further processing (e.g., converting ani-
mal toxicity estimates into human toxicity esti-
mates), and their licensing agreements often pro-
hibit sharing results with third parties. The U.S.
EPA’s Ecological Structure Activity Relation-
ships program is easy to use and free, but it only
estimates aquatic ecosystem toxicity (U.S. EPA
2003a). (For further information, see, e.g., Cro-
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nin et al. [2003a, 2003b], Moore et al. [2003],
Patlewicz et al. [2003], and Russom et al. [2003]).
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R E S E A R C H A N D A N A L Y S I S

Toffel and Marshall, Improving Environmental Performance Assessment 169

Lindeijer, O. Jolliet, R. Müller-Wenk, S. I. Olsen,
D. Pennington, J. Potting, and B. Steen. Pensa-
cola, FL: SETAC Press.

Hauschild, M. and D. W. Pennington. 2002b. Methods
of effect assessment for ecotoxicity. In Towards
best available practice in life cycle impact assessment,
edited by Udo de Haes et al. Brussels: SETAC
Europe Press.

Hauschild, M. Z., S. I. Olsen, and H. Wenzel. 1998.
Human toxicity as a criterion in the environ-
mental assessment of products. In Environmental
assessment of products. Scientific background, Vol.
2, edited by M. Hauschild and H. Wenzel. New
York: Chapman and Hall.

Hauschild, M. Z., H. Wenzel, A. Damborg, and J. Tørs-
løv. 1998. Ecotoxicity as a criterion in the envi-
ronmental assessment of products. In Environ-
mental assessment of products. Scientific
background, Vol. 2, edited by M. Hauschild and
H. Wenzel. New York: Chapman and Hall.

Hazards Research Lab. 1997. Calculation of TRI chem-
ical toxicity, University of South Carolina. �www.
cla.sc.edu/geog/hrl/sctrap/toxfaqs/toxicity.htm�.
Accessed 23 August 2002.

Hertwich, E. G., W. S. Pease, and C. P. Koshland.
1997. Evaluating the environmental impact of
products and production processes: A comparison
of six methods. Science of the Total Environment
196: 13–29.

Hertwich, E. G., W. S. Pease, and T. E. McKone. 1998.
Evaluating toxic impact assessment methods:
What works best? Environmental Science and Tech-
nology 32(5): 138A–144A.

Hertwich, E. G., S. F. Mateles, W. S. Pease, and T. E.
McKone. 2001. Human toxicity potentials for
life-cycle assessment and toxics release inventory
risk screening. Environmental Toxicology and
Chemistry 20(4): 928–939.

Hertwich, E. G., O. Jolliet, D. W. Pennington, M.
Hauschild, C. Schulze, W. Krewitt, and M. Hu-
ijbregts. 2002. Fate and exposure assessment in
the life-cycle impact assessment of toxic chemi-
cals. In Life cycle impact assessment: Striving to-
wards best practice, edited by H. A. Udo de Haes,
G. Finnveden, M. Goedkoop, M. Hauschild, E.
Hertwich, P. Hofstetter, W. Klöpffer, W. Krewitt,
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