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Summary

To date the most common measures of environmental perfor-
mance used to compare industries, and by extension firms or
facilities, have been quantity of pollution emitted or hazardous
waste generated. Discharge information, however, does not
necessarily capture potential health effects. We propose an
alternative environmental performance measure that includes
the public health risks of toxic air emissions extended to in-
dustry supply chains using economic input-output life-cycle
assessment. Cancer risk to the U.S. population was deter-
mined by applying a damage function to the Toxic Release
Inventory (TRI) as modeled by CalTOX, a multimedia multi-
pathway fate and exposure model. Risks were then translated
into social costs using cancer willingness to pay. For a baseline
emissions year of 1998, 260 excess cancer cases were calcu-
lated for 116 TRI chemicals, dominated by ingestion risk from
polycyclic aromatic compounds and dioxins emitted by the
primary aluminum and cement industries, respectively. The di-
rect emissions of a small number of industry sectors account
for most of the U.S. population cancer risk. For the majority of
industry sectors, however, cancer risk per $1 million output is
associated with supply chain upstream emissions. Ranking in-
dustries by total (direct + upstream) supply chain risk per eco-
nomic output leads to different conclusions about the relative
hazards associated with these industries than a conventional
ranking based on emissions per economic output.
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Introduction

Over the past decade interest in measuring
and monitoring private sector environmental
performance has grown, particularly among third-
party nongovernmental entities. In the United
States most industries disclose levels of physical
emissions from their facilities to the public for
regulatory compliance purposes or in voluntary
corporate reports (e.g., the U.S. Environmen-
tal Protection Agency’s Toxic Release Inventory
[U.S. EPA’s TRI] or the global reporting initia-
tive [GRI 2002]). (Refer to Appendix A for a
complete list of commonly used acronyms in this
article.) The TRI emissions database, covering
approximately 650 toxic chemicals and chemi-
cal groups reported by U.S. manufacturing facil-
ities (USEPA 2000d), is widely used to evalu-
ate the environmental performance of firms and
industries and the public health risks posed by
facilities, and in social science research. As an
alternative measure, the World Business Council
for Sustainable Development has been promoting
“eco-efficiency,” which measures resource use or
environmental effect relative to output across a
product’s life-cycle (Schaltegger and Sturm 1990;
Schmidheiny 1992; DeSimone and Popoff 1997).
What is lacking to date is a comprehensive mea-
sure that recognizes the interaction between in-
dustrial activity, ensuing emissions, and health
impacts across industry supply chains. An en-
vironmental performance measure that can be
financially quantified is helpful in many pri-
vate and public sector decision-making settings,
which rely on a weighting of the costs versus ben-
efits of potential interventions on behalf of the
environment. The systemic view of life-cycle as-
sessment, in addition to techniques developed to
financially valuate health impacts, presents useful
methods to fill this gap.

In this article we propose a new environ-
mental performance measure based on the public
health risk per dollar unit of output from indus-
tries and their supply chains. Additionally, we
provide an estimate of social cost associated with
pollution that moves beyond prior estimates of
the private costs of regulatory compliance, such
as investments in pollution control technology
and the associated managerial overhead (Ditz
et al. 1995; Repetto and Austin 2000), property

risks (Austin and Sauer 2002; Innovest 2003), or
legal liability risks (ASTM 2003). Our goals are
three fold: (i) to assess the U.S. population cancer
risk associated with industrial toxic chemical air
emissions drawn from the 1998 TRI over individ-
ual industry sector supply chains with economic
input-output life-cycle assessment (EIO-LCA);
(ii) to monetize these risks; and (iii) to compare
industry rankings using a measure of aggregate
cancer risk per unit of economic benefit. Our
approach uses methods published in the peer-
reviewed literature and publicly available data.
Human exposure to each chemical in our sample
is estimated with CalTOX, a multimedia multi-
pathway fate and exposure model, and is denoted
by the individual intake fraction, a ratio of po-
tential human dose to total exposure relative to
an emissions source (Bennett et al. 2001, 2002).
Chemical-specific cancer potency factors are ap-
plied to intake fractions to derive cancer risk asso-
ciated with TRI emissions. This analysis includes
only carcinogenic effects of chemicals with in-
formation available on linear dose-response re-
lationships (i.e., cancer potency). We use cancer
willingness to pay in order to estimate social costs.
Finally, we explore various sources of uncertainty.

Emissions Data Set

The emissions data set is drawn from the 1998
TRI (a mandatory self-reported EPA program),
which includes releases of toxic chemicals to air,
surface water, on-site land, and underground in-
jection. The data are collected from facilities and
can readily be evaluated at the facility or at the
4-digit Standard Industry Classification (SIC) in-
dustry sector level. Our sample covers emissions
from 4,760 facilities in 420 4-digit SIC industry
sectors drawn from the TRI database. In some
cases, a single facility produces products that fall
under multiple SIC codes, in which case emis-
sions are divided equally among the sectors.1 We
focus on air emissions, because they are a major
portion of TRI releases, compared to releases to
water or soil. Furthermore, releases to water or
soil require site-specific modeling, whereas air
emissions, which can potentially travel farther
from the release site, can be modeled on a non-
site-specific basis. For this type of industry-level
analysis, air emissions risks are less influenced by
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aggregated large spatial analysis than risks due to
water or soil discharges. Reported TRI stack and
fugitive (escaping randomly from the production
process) air emissions are combined.

Over the years the list of TRI chemicals has
grown to comprise over 600 chemicals and chem-
ical categories with various health and environ-
mental impacts. We focus on air emissions for a
subset of 116 designated carcinogenic TRI com-
pounds and two chemical categories, polycyclic
aromatic compounds and dioxins, for which can-
cer potency factors are available to permit an
estimate of the number of associated cancer cases
(see the table in the e-supplement at the Jour-
nal’s Web site). Although 1998 is selected as the
baseline year (to match the most recent 1998
economic data), we include dioxin air emissions
in 2000, the first year dioxin emissions were re-
ported. We assume that dioxin emissions levels
for 2000 are representative of those for 1998.

Measurement error in the TRI arouses general
concern. Facilities rely primarily on published
emissions factors or mass balance equations rather
than measured data, which can result in large
differences in reported releases from comparable
facilities. According to a study by Williams and
colleagues (2002), some industry sectors (e.g., the
semiconductor industry) appear to underreport
their TRI emissions. For our 1998 chemical sam-
ple over 50% of submitted records provide no
indication of estimation method at all. In addi-
tion, changes on paper, such as redefinition of
release characterization, can explain a major por-
tion of year-to-year emissions reductions (Natan
and Miller 1998). Such underreporting will in-
troduce a downward bias into industry emissions
coefficients in our analysis.2

Health Impacts

U.S. population cancer risk was estimated us-
ing cancer potency factors applied to calculated
exposure for each compound. Mathematically,
human cancer risk C is a function of emissions
S (in milligrams per day [mg/day]), individual in-
take fraction (iIF), cancer potency factor (CPF)
in (mg/kg-day)−1 for each chemical, the popula-
tion exposed (Pop; United States: 280 million),
multiplied by the ratio of the exposure duration
ED in years (yr) to the 70-yr biological averag-

ing time AT (yr), and divided by a 70-kg average
body weight BW as follows:

C = iIF × CPF(kg−d/mg) × S(mg/d)

× Pop × ED/AT × 1/BW(kg) (1)

For this analysis an industry’s public health
impact is the sum of estimated annual excess
cancers associated with a single year of exposure
(ED = 1998) to TRI chemicals emitted by that
industry.

Prior research using the EIO-LCA methodol-
ogy to estimate U.S. population toxic risks as-
sociated with TRI emissions has been based on
permissible worker inhalation exposure, that is,
threshold limit values (TLVs) (Horvath et al.
1995; Joshi 2000).3 But this approach does not
account for the movement of compounds through
various environmental media with which a
human can have contact. Some compounds are
lipophilic and bioaccumulate, resulting in inges-
tion risks that are greater than inhalation risk,
the basis of TLVs. In fact, the American Con-
ference of Governmental Industrial Hygienists
(ACGIH) does not recommend using TLVs for
population risk assessment of continuous unin-
terrupted exposures (ACGIH 2003).

Multimedia fate and transport models have
been proposed to estimate exposure to toxic
chemicals (Grimstead et al. 1994; Jia and Guardo
1996). Hertwich and colleagues (1998) argue
that CalTOX provides the best available method
for estimating toxic human effects of TRI in
LCA, and has been used to estimate human toxic-
ity potentials (HTPs) (Hertwich 1999; Hertwich
et al. 2001) as well as in the EPA’s Tool for
the Reduction and Assessment of Chemical Im-
pacts (TRACI) (Bare et al. 2002). CalTOX is a
physical-stochastic multimedia model (Mackay
1991; McKone 1993; Cowan et al. 1994) de-
veloped to assess time-varying concentrations of
contaminants released to air, soil or water. It
consists of two component models: (i) a multi-
media fate and transport model based on both
conservation of mass and chemical equilibrium
determined using first-order transformations, and
(ii) a multipathway human exposure model that
provides estimates of ingestion intake, inhalation
intake, and dermal uptake based on 23 expo-
sure pathways. CalTOX yields intake fractions
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for a specific chemical, which are a function of
contaminant concentrations in the multimedia
model compartment and rates of human contact
(e.g., personal air, tap water, foods, household
dusts, and soils) for a given population estimated
assuming steady-state multimedia dispersion con-
ditions and continuous emissions.4

Various other methods for weighting the TRI
have been proposed in analyses not specific to
LCA. These have been summarized by Toffel
and Marshall (2004), who recommend using ei-
ther TRACI-HTPs based on CalTOX or the U.S.
EPA’s Risk Screening Environmental Indicators
(RSEI). We select CalTOX as our model to es-
timate cancer risk, because CalTOX is a true
multimedia model and includes exposure through
ingestion of produce and other agricultural prod-
ucts omitted in RSEI. These pathways are central
to our risk assessment results. We do not adopt
HTPs, which are simply intake fractions multi-
plied by the cancer potency of each compound
relative to the same product for a reference com-
pound (benzene for cancer risks and toluene for
noncancer risks). Instead, we calculate number of
cancer cases based on intake fractions, per equa-
tion (1), because this allows us to apply a financial
valuation function to each cancer case. Intake
fractions for the greater part of our TRI sam-
ple are based on prior estimates (Bennett et al.
2002).

This risk assessment is complicated by mix-
tures with varying cancer potency such as poly-
cyclic aromatic compounds (PACs) and dioxins.5

Commonly, compounds are grouped according
to physical-chemical properties and toxicologi-
cal potential, and individual chemical toxicity is
denoted in toxic equivalency factors (TEFs) or
potency equivalency factors (PEFs) relative to
the most studied compound.6 For dioxins this
is 2,3,7,8-tetrachlorodibenzo-p-dioxin (2,3,7,8-
TCDD) and it is benzo(a)pyrene (BaP) for PACs.
Use of equivalency factors is based upon the gen-
eral finding that compounds within a group are
thought to cause cancer by similar mechanisms.
Thus, PACs interact with DNA and dioxins in-
teract with the Ah (Aryl hydrocarbon) receptor
(Birnbaum 1999; Warshawsky 1999). For PACs
the additivity (i.e., no-interaction) assumption
for toxic effects, critical for summing human toxi-
city over several hundreds of compounds in LCA,

appears reasonable (Warshawsky 1999; Woodruff
et al. 2000).

TRI PACs are a subset of the polycyclic aro-
matic hydrocarbon (PAH)-combustion-related
chemical class. PAHs constitute the main com-
ponent of polycyclic organic matter (POM), a
hazardous air pollutant (HAP) listed in the 1990
Clean Air Act Amendments. In this article the
PAC category refers specifically to the 21 PAH
compounds listed in the TRI (table 1). Addi-
tional PAHs (anthracene, benzo(g,h,i,)perylene,
naphthalene, and phenanthrene) that are con-
sidered International Agency for Research on
Cancer (IARC) category 3 noncarcinogenic
chemicals are listed individually in the TRI. Al-
though our emphasis is on cancer risk estimation,
we include these four to capture the entire PAH
category in the TRI database.

In 1998 over 650,000 kg of TRI PAC was re-
leased into the air from industry sources. The con-
tribution from individual PAC compounds needs
to be estimated for risk assessment, because dif-
ferent constituents have varying levels of intake
fraction and toxicity. Prior U.S. population risk
assessments assumed (i) that high-potency com-
pounds dominate stationary and mobile emis-
sions, yielding a POM potency equivalent to
16% BaP, or (ii) that all compounds contribute
equally, yielding a 6% BaP POM equivalency
(Caldwell 1998; Caldwell et al. 1998; Woodruff
et al. 2000). In contrast to these risk assessments,
our focus is only on stationary sources reporting
to the TRI. Therefore, we adopt a compound-
specific PAC emissions distribution specific to
major stationary sources and TRI SIC codes as
available in the 1999 National Toxics Inventory
(NTI) (table 1).

TRI PAC emissions are weighted by the most
recent PEFs (OEHHA 1994; Collins et al. 1998),
which allow several compounds to be more po-
tent than BaP. Additionally, we use compound-
specific CPFs determined under the California
EPA expedited risk assessment process. Collins
and colleagues argue for using PEFs only for
chemicals definitively classified as carcinogens.
Several TRI PAHs are not classified as carcino-
gens (table 1); but rather than exclude them, we
have elected to follow the research community
norm of treating PAHs as a group. We adjust
for their inclusion by assigning a low 0.001 PEF
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to the compounds not classified as carcinogens
(Nisbet and LaGoy 1992).

Although it is preferable to apply PEFs spe-
cific to an exposure pathway for individual PACs
(Schneider et al. 2002), this information is still
lacking. We thus apply the same PEF to BaP
potency for all exposure routes, but, we adopt
an oral BaP CPF of 11.5 (mg/kg-day)−1 and
3.9 (mg/kg-day)−1 for inhalation risk for all PACs
(CalEPA 2002), and weight these by percent of
intake arising from each exposure pathway for
each individual PAC, as determined in CalTOX.

The TRI dioxin category comprises 17 indi-
vidual chemicals, commonly termed “congeners.”
For these the EPA requires facilities to report
total media specific dioxin emissions (in grams
[g]) and to break down these emissions by per-
cent for each of the 17 congeners. But 30% of
the 5218 grams of dioxin air emissions reported
in 2000 were not speciated in such a manner. For
these we either apply (i) industry averages where
some facilities in that sector provide speciation
data or (ii) the average congener distribution
based on reported percentages for all dioxin data
submitted to the EPA (table 1). Dioxin TEFs are
based on the TEQ-WHO98 scheme (where TEQ
stands for toxic equivalents and WHO stands for
World Health Organization) (Berg et al. 1998)
and are employed in the EPA September 2000
draft Dioxin Reassessment (hereinafter “EPA Re-
assessment”).7 We apply the most recent estimate
for TCDD toxicity derived by the EPA, 1 × 106

per mg TCDD/kg-day, for both inhalation and
ingestion pathways.

Intake fractions (IF) were estimated with
CalTOX for all 42 PAH and dioxin congeners
using physical-chemical properties obtained from
the EPA Reassessment, the handbook by Mackay
and colleagues (1992), and the Syracuse Research
Corporation (SRC 2003). For several PAH com-
pounds medium-specific half-lives and physical-
chemical properties were derived based on molec-
ular weight. For dioxins congener-group averages
were assumed when specific data on physical-
chemical properties were lacking.

To gain confidence in the model, estimated
dioxin IFs were applied to 1995 dioxin emis-
sions derived for the EPA Reassessment to
yield a daily dioxin dose of 39.7 TEQ-WHO98
picograms/day (pg/dy) dominated by ingestion

exposure (99.8%).8 This daily dose estimate com-
pares nicely with the EPA’s estimated daily dose
of 40.3 TEQ-WHO98 pg/day using measured
food dioxin concentrations and human daily con-
tact rates. The EPA Reassessment similarly finds
that ingestion risk dominates human exposure to
dioxin (97.5%).9

Cost of Cancer

With the growing importance of balancing
costs and benefits in regulatory rulemaking, man-
dated under Executive Order 12291 (amended in
Executive Order 12866), the U.S. EPA has in-
vested considerable effort in assessing the social
cost of pollution, including the cost of cancer.
Other policy approaches include deriving na-
tional accounts based on a measure of welfare
or net social impact (Jorgenson et al. 2005). A
similar, though less quantitative, evaluation is
common in many corporate decisions on how
to allocate resources to an environmental strat-
egy. Given these parallel developments, we as-
sess the cost of cancer associated with our TRI
sample emissions. The cost of cancer comprises a
morbidity and a mortality component and varies
by tumor site and latency period. We conduct a
status quo estimate of social costs used in LCA
practice (Hellweg et al. 2003) based on the EPA
Cancer White Paper (USEPA 2000b), the cor-
responding comments of the EPA Science Ad-
visory Board Environmental Economics Com-
mittee, EPA-SAB-EEAC-00-013 (SAB-EEAC
2000), and the EPA Arsenic Rule Benefits Anal-
ysis (USEPA 2000c).

The social costs of disease include direct costs
of illness (COI) (e.g., physician time, hospitals,
and drugs), indirect costs (cost of lost produc-
tion and wages forfeited), and additional intan-
gible costs (patient and family pain, grief, and
suffering) (Torrance 1986). A controversial ap-
proach is to elicit revealed or stated preferences
for small changes in health using a measure of
willingness to pay (WTP). The central value of
aggregate revealed (or stated) WTP is termed the
value of a statistical life (VSL), and is defined
as the marginal rate of substitution between the
probability of dying and the utility of wealth con-
ditional on surviving or dying (i.e., the value of
risk reduction) in a specific time period (Hammitt
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2000). The most common sources of VSL are
wage-risk assessments.

Scholars continue to debate the merits of ad-
justing such a wage-risk based VSL as applied
to population risk assessment to reflect differ-
ences between populations in age, risk aversion,
health status, and income (USEPA 2000a). As
yet, the evidence is still considered too sparse
to prompt such adjustments for cancer valua-
tion (SAB-EEAC 2000). Thus, we employ the
$5.8 million wage-risk based VSL in 1997 U.S.
dollars (hereafter dollars) (Viscusi 1993; USEPA
1997b, 1999, 2000a) or $5.9 million adjusted for
inflation to 1998 dollars with the Consumer Price
Index.

At a minimum, nonfatal cancer WTP can be
based on COI (Freeman 1993; USEPA 2000a).
Scholars suggest that nonfatal cancer WTP
should also include the costs of morbidity, such
as foregone earnings, lost leisure time, preventive
actions, and lifestyle changes (Tolley et al. 1994).
Rowe and colleagues (1995) propose a weighted
average WTP using COI for nonfatal cancers, ad-
justed by an arbitrary WTP/COI = 1.5 ratio, and
VSL for fatal cancers.10 Alternatively, the EPA
(USEPA 2000c) recommends a more appropriate
adjustment to VSL based on a measure of utility
lost due to cancer morbidity as determined by
Magat and colleagues (1996). They find a 58.3%
utility loss associated with the morbidity conse-
quences of terminal lymphoma, and a 41.7% util-
ity loss due to death some time in the future.11

We use the utility loss determined by Magat and
colleagues, which is combined with average 5-yr
survival rates for all cancer sites (to reflect uncer-
tainty with respect to cancer type associated with
our sample chemical emissions) in the following
estimating equation:

Cancer WTP = Survival rate ×($5.9M×0.583)
(Nonfatal cancers)

+ (1 – survival rate) × $5.9M
(Fatal cancers)

(2)

Using the 62.4% average 5-yr age-adjusted
U.S. 1992–1999 cancer survival rate (Ries et al.
2002), we estimate a per cancer WTP of $4.4 mil-
lion in 1998 dollars.

Recent research suggests that cancer WTP de-
creases over latency period to reflect discounting
of a future change in the probability of getting
cancer and dying relative to an immediate re-
duction in mortality risk (Revesz 1999; Hammitt
and Liu 2003). Whereas initial cost-benefit anal-
yses assumed no latency period between exposure
and disease (USEPA 1997b), scholars recom-
mend discounting the value of future statistical
cancer cases over the mid-point of the expected
latency period at market interest rates (Horowitz
and Carson 1990; Cropper et al. 1994; USEPA
1999; SAB-EEAC 2000). Lacking information
on actual occurrence of estimated cancers we as-
sume a uniformly distributed annual cancer inci-
dence and discount at 5% over an average 10-yr
cancer latency period (Russell et al. 1996; SAB-
EEAC 2000; USEPA 2000a, 2000b).

Supply Chain Impacts

Economic input-output life-cycle assessment
(EIO-LCA) is used to estimate an industry’s sup-
ply chain environmental impact, and is recom-
mended as a way to avoid the boundary problem
plaguing traditional process LCA (Lave et al.
1995; Matthews and Small 2001). EIO-LCA is
based on the work of Wassily Leontief, who
described total industry output X as a linear func-
tion of the inputs a purchased from other indus-
tries per unit output and final demand Y . In sim-
plified form, final demand is a function of total
output minus intermediate input X − a X = Y ,
or (I − A) X = Y , where I is the identity matrix
and A ≡ [ann ], the n × n matrix of technical co-
efficients for n sectors. Per the Leontief inverse,
X = (I − A)−1 Y , the output X from each indus-
try sector can be estimated as a function of any
level of final demand Y in an economy. EIO-LCA
augments this framework with the addition of R, a
k × n matrix composed of k environmental bur-
dens generated per dollar’s worth of n industry
outputs. For this analysis let R be a 1 × n vector
for n industry sector cancer cases. The total envi-
ronmental burden generated by final demand Yn

is EB = [R] ∗ [I − A]−1Y , where EB is a k × 1
vector of total (direct + indirect) economy-wide
environmental burden, [I − A] is an n × n ma-
trix, and Y is an n × n identity matrix of industry
final demand (Miller and Blair 1985).12
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Comparative ranking of industries requires
that we normalize human health impact by a
measure of economic size, such as total output
or value added (total output minus cost of mate-
rial inputs). As a measure of gross domestic prod-
uct (GDP), value added may more appropriately
represent the “functional unit” of U.S. produc-
tion in LCA.13 Value added refers to the cost of
nonindustrial (i.e., nonmaterial) inputs to produc-
tion, and is composed of (i) employee compen-
sation, (ii) indirect business tax and nontax lia-
bility, and (iii) other value added (e.g., corporate
profits and consumption of fixed capital) (Law-
son 1997). Labor income is about 2/3 and capital
income 1/3 of U.S. GDP (Campbell 2000).

We use 1998 production and consumption
data from the U.S. national accounts compiled by
the U.S. Bureau of Economic Analysis (BEA) for
490 industry sectors.14 Matching the TRI dataset,
based on SIC codes, with the BEA industry sec-
tors reduces the number of industry sectors to 219,
because several SICs are consolidated under one
BEA code or these sectors did not emit significant
amounts of our sample compounds.

Results

For this sample of TRI compounds we es-
timate 260 excess annual cancer cases for the
U.S. population associated with 54,456,471 kg
of 1998 air emissions, of which 96% of the risk
arises from dioxin and PAC emissions with pri-
mary exposure through ingestion. Specifically,
the 5.2 kg of dioxin emissions contribute 76%,
and the 650,000 kg of PAC emissions 20% of to-
tal cancer risk, respectively. The 53,806,466 kg
emissions of the remaining 114 TRI chemicals
contribute only 4% of cancer risk, due primarily
to intake fractions at least one order of magnitude
lower than for PAC and dioxin (see table 1; see
also Appendix B, in the electronic supplement to
this article that is available on the Journal’s Web
site). In comparison, the total estimated cancer
incidence (i.e., newly diagnosed cancer cases) in
the United States was 1,228,600 in 1998 (ACS
1998).

Approximately 45% (219 sectors) of our in-
dustry sample reported no direct emissions of our
chemical sample to the TRI in 1998. This may
arise because the industry (i) did not emit any

of our sample carcinogens, (ii) emitted them, but
did not report to TRI as required by law, or (iii) is
not required to report emissions. Of those report-
ing sectors, 23 (i.e., 10%) account for 80% of
emissions and over 60 emit PACs and/or dioxins.
Six industry sectors (Iron and Steel Foundries,
Secondary Nonferrous Metals, Manmade Or-
ganic Fibers, Electric Services/Utilities, Primary
Aluminum, Cement) out of 219 sectors account
for approximately 80% of direct cancer risks,
whereas they contribute a mere 2% of 1998 GDP.
The estimated cost of all 260 cancer cases is $1.1
billion in 1998 dollars, if cancer incidence is as-
sumed simultaneous with exposure. Assuming an
average 10-yr latency period, the present value
of social cost discounted at 5% is $702 million
in 1998 dollars. In comparison, in 1998, private
industries generated $7.68 trillion of GDP (Lum
and Moyer 2001). The estimated number of can-
cers and their social costs could increase, though,
if some of the compounds currently untested for
carcinogenicity were found to be carcinogens.

The top 20 industries ranked by direct kg emis-
sions of our limited chemical sample are shown in
table 2 and compared with top five rankings us-
ing a public health risk-based measure of environ-
mental performance. Six of the top ten materials-
intensive industries (kg per $1 million output)
have a low risk ranking. High PAC emissions
underlie the high risk ranking of the primary alu-
minum industry, whereas high dioxin emissions
account for cement industry cancer risk. The im-
pacts are highly skewed, because these two in-
dustries each contribute over 25% of direct can-
cer risk/output for the entire U.S. economy. The
cost of the cancer externalities associated with
1998 emissions per $1 million value added (VA)
reaches a maximum of $1,300 per $1 million VA
for the primary aluminum industry (shown in the
final column of table 2).15 Table 2 indicates that a
strategy of risk reduction based on mass kg emis-
sions would target the chemical and pulp and
paper industries; industries targeted because of
high TRI emissions levels in prior research
(Hamilton 1995; Khanna et al. 1998). This ap-
proach would completely omit the cement and
aluminum industries, main sources of cancer risk
(adjusted for economic size).

EIO-LCA results show that risks are highly
concentrated in a few industries. The median
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ratio of industry direct to total supply chain
(direct + indirect) annual cancer risk per $1 mil-
lion output for our sample is 2 × 10−4, with a min-
imum of zero and a maximum of 0.96. The median
ratio of direct to total kg emissions per $1 million
output is 3.5 × 10−3, ranging from zero to a max-
imum of 0.99. Figure 1 further amplifies this con-
centrated nature of the cancer risk we estimate.

Here we show industry rankings by the ratio
of per industry sector direct to total impacts for a
measure in kg/output and risk/output over the en-
tire 490-industry sample. Although both kg and
risks per $1 million output are highly concen-
trated in a few industries, risks/output are even
more concentrated than kg/output, both because
of to chemical specific emissions from a few in-
dustries and because approximately half of our
sample does not report direct TRI emissions.

We provide further detail on direct versus up-
stream emissions for the top 20 industries ranked
by direct risk/$1 million output and by total
risk/$1 million output in figures 2 and 3, re-
spectively. Although supply chain risks are more
widely dispersed on average, we again note the
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Figure 1 Ratio of per industry direct to total kilograms emissions and cancer risk, per $1 million U.S.
dollars output.

relatively high concentration of direct cancer
risks in a few PACs- and/or dioxin-emitting in-
dustries, notably the primary aluminum, cement,
and manmade organic fiber industries (figure 2).

For these same industries, high direct risks
overwhelm rankings by total risk, and with EIO-
LCA we find that supply chains highly depen-
dent on aluminum or cement inputs also rank
in the top 20 (figure 3). For the entire industry
sample, we find that the median percentage of
upstream risk/$1 million output is close to 100%,
with only minor impacts associated with direct
emissions of the median industry. Clearly, this
is driven by very small or zero levels of direct
TRI emissions reported by a significant portion
of our industry sample, though these industries
contribute to U.S. population risk by triggering
emissions in their supply chains. A test of va-
lidity based on epidemiology shows that a rank-
ing based on emissions of toxic compounds per
$1 million output has low sensitivity (15%), im-
plying that only 15% of high-risk industry sup-
ply chains would be identified and the remaining
85% would not be correctly identified as risky.
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Figure 2 Ranking of top 20 industry sectors by direct cancer risk per $1 million U.S. dollars output.
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Sensitivity Analysis

As with all EIO-LCA, there is parametric and
model uncertainty in this analysis. We evaluate
a number of scenarios using alternative parame-
ter values or model assumptions and determine
the impact for each scenario. The scenarios in-
clude uncertainty on key parameters for PAC and
dioxin emissions (e.g., cancer potency, half-life in
air, and emissions speciation) and parameters re-
lated to cancer WTP. We evaluate the sensitivity
using the ratios of annual cancer risk (including
PAC and dioxins risks separately) and total cost
determined for a given scenario to baseline con-
ditions as well as changes in the top 10 indus-
try rankings. Table 3 summarizes these results.
In each scenario, we change only one parame-
ter, leaving all others fixed at the baseline value.
Two additional sources of uncertainty are dis-
cussed qualitatively with respect to their effect
on industry sector rankings (e.g., allocation un-
certainty in EIO-LCA and site-specific parame-
ters). In this section, we do not address data input

Table 3 Summary of sensitivity analysis (ratio of annual cancer risk with model perturbations to baseline
annual cancer risk, total social cost, and supply chain rankings)

Total risk Discounted Change in top
Parametric PAC Dioxin (annual cancer social cost ($1M in ten supply
change scenarios risk risk cases in the U.S.) 1998 U.S. dollars)1 chain rankings

Baseline 6.6% 1 1 260 $702 No
BaP Potency

1. 16% BaP 2.33 1 1.27 $882 Yes
(Caldwell et al.)

2. 5% BaP 0.66 1 0.93 $646 No
(MACT inlet)

3. 0.04% BaP 0.13 1 0.82 $571 Yes
(MACT outlet)

4. CalTOX 1/2 life 0.30 1 0.86 $595 No
in air for PAC

5. TCDD 1/2 life in air, 1 0.97 0.98 $677 No
10th percentile value

6. TCDD 1/2 life in air, 1 1.01 1 $697 No
90th percentile value

7. TCDD CPF 1 0.13 0.34 $233 Yes
(Cal EPA)

8. Cancer WTP, 1 1 1 $143 NA
10th percentile value

9. Cancer WTP, 1 1 1 $1,007 NA
90th percentile value

1Assuming 10-yr latency period, 5% discount rate.

uncertainties related to TRI emission factors and
economic input-output data or model uncertain-
ties associated with the EIO-LCA and CalTOX
models discussed elsewhere (Hertwich et al. 1999;
Huijbregts et al. 2000).

PAC Emissions Potency

Prior research has shown that cancer risk
assessment of hazardous air pollutant (HAP)
emissions is sensitive to assumptions on poly-
cyclic organic matter (POM) emissions specia-
tion (Woodruff et al. 2000), of which the TRI
PACs are a subgroup. Lacking measured data,
the EPA assumed a baseline value of 16% BaP
potency for POM emissions and a lower bound of
6% BaP potency (Caldwell 1998). Our baseline
risk estimate uses a PAC emissions distribution
from the NTI, yielding a PAC potency equiva-
lent to 6.6% BaP. Applying the EPA’s 16% BaP
potency more than doubles PAC risk and yields
only a 27% increase in total risk, because PAC
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emissions account for 20% of total risk compared
to 76% associated with dioxin emissions.

Alternatively, because 88% of TRI PACs are
emitted by the primary aluminum industry (SIC
3334, BEA 380400), we apply sector-specific spe-
ciation data. Stack emissions (inlet and outlet)
were measured in preparation for the 1997 pri-
mary aluminum Maximum Available Control
Technology (MACT) POM standard for eight
of 21 PACs (USEPA 1996b, 1997a).16 Using
the inlet distribution for SIC 3334 PAC emis-
sions is equivalent to 5% BaP potency and re-
duces PAC risk by 24%, with a minimal effect on
total risk. But if all facilities use control technol-
ogy with 85–99% efficiency reflected in outlet
data, this yields a 0.04% BaP potency and re-
duces PAC risk by 87% and total risk by 18%
(table 3, scenario 3). Scenario 3 assumes that
all SIC 3334 facilities are compliant with the
1997 MACT standard, an unlikely prospect in
1998. Basing our 1998 TRI PAC emissions spe-
ciation on NTI data thus appears a reasonable
baseline.

Of these three parameter perturbations we find
that scenarios 1 and 3 change the top 10 sup-
ply chain rankings, as these two scenarios re-
flect a more significant change in the potency
of the emissions distribution. Specifically, rank-
ing of primary aluminum as the highest supply
chain risk, followed by the cement industry, is
preserved under scenarios 1 and 3. Slight shifts
occur, though, among other supply chains in
the top 10 rankings as PAC risks increase or
decrease to reflect changes in PAC emissions
speciation.

Half-Life in Air

Prior research finds that intake fraction (IF)
estimates are very sensitive to various physical-
chemical properties (Hertwich et al. 1999), par-
ticularly medium-specific half-lives (Huijbregts
1999), which can generate uncertainties in
risk estimates of up to six orders of magni-
tude (Huijbregts et al. 2000). Again focusing
on PACs, Monte Carlo analysis in CalTOX
shows that for BaP, the most studied PAC com-
pound, IF is most sensitive to the half-life in
air. Our baseline assessment used half-life in air
for each PAC calculated with hydroxyl radical

(OH) rate constants (Meylan and Howard 1993)
based on quantitative structure-activity relation-
ship (QSAR) methods developed by Atkinson
(Atkinson 1989) and a 9.7 × 105 moles per
milliliter (mol/mL) OH concentration (Prinn
et al. 1995).17 Mean half-lives in air were pre-
viously estimated in CalTOX v.4 for a subset
of eight PACs using all available data (Chiao
et al. 1995; CalTOX 2001) and are generally
lower than those calculated for our baseline anal-
ysis. For example, our baseline value for BaP,
1.65 × 10−1 day, exceeds the earlier value (6.32
× 10−2 day) by approximately a factor of two. Us-
ing the lower half-life in air values from CalTOX
v.4 reduces intake fractions for PACs, and hence
PAC risk (70%) and total cancer risk by 14%
(table 3, scenario 4). In comparison, sensitivity
of dioxin risk to the half-life in air, based upon
the 10th and 90th percentile values determined
with Monte Carlo simulation for 2,3,7,8-TCDD,
has a limited effect on total risk (scenarios 5 and
6). These changes did not impact the risk signif-
icantly enough to result in changes in the rank-
ings.

Dioxin Toxicity

Although the toxicity of 2,3,7,8-TCDD, used
to estimate dioxin cancer risk, has been exten-
sively studied, a fully developed model of TCDD
toxicity is still lacking, due primarily to animal-
to-human dose extrapolation uncertainty. Thus,
the TCDD cancer potency has been amended
several times for the EPA Reassessment, with
a most recent value of 1 × 106 (mg/kg-day)−1.
Alternatively, the California EPA proposes a
TCDD potency of 1.3 × 105 (mg/kg-day)−1

(CalEPA 2002). Using this lower CPF yields
a significant reduction in dioxin risk by 87%
and a 66% reduction in total cancer risk (sce-
nario 7). This scenario reduces supply chain
risks associated with dioxin exposure, and sev-
eral supply chains that release PACs (e.g., pri-
mary aluminum, aluminum castings, and carbon
and graphite products) move up in the rankings.
Under this scenario primary aluminum is still the
highest risk supply chain; however, the cement
industry falls to third place after the aluminum
rolling and drawing industry.
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Cancer WTP

Baseline cancer WTP was $4.4 million in 1998
as discussed earlier. This estimate depends on the
VSL, cancer site-specific survival rate, treatment
cost and latency period, and the discount rate,
each of which may introduce uncertainty in our
WTP estimate. Equation (2) can be amended to
reflect cancer-site specific morbidity costs with
COI as a percentage of VSL as follows:

Cancer WTP = survival rate

×(VSL × COI/VSL)

+ (1 − survival rate) × VSL

(2a)

Distributions were developed for each parame-
ter in equation (2a) and a distribution for cancer
WTP was determined using a Monte Carlo simu-
lation. We include the 10th and 90th percentiles
of cancer WTP as it affects total costs (table 3,
scenarios 8 and 9).

The difficulty of deriving adverse health effect
indicators for LCA and associated cost estima-
tion has been noted, particularly when the actual
mechanism is not fully understood (Olsen et al.
2000). To explore sensitivity of cancer WTP, we
derive measures of health effects from the liter-
ature, again focusing on PAC and dioxin can-
cer risk. BaP exposure may be associated with
increased forestomach and lung tumors in mice
(Gaylor et al. 2000; Armstrong et al. 2003), in
addition to lung, skin, and bladder cancer for
occupational exposure (Boffetta et al. 1997). Oc-
cupational dioxin exposure studies indicate an
increased risk of lung cancer and for all cancer
sites combined (Zober et al. 1990; Fingerhut
et al. 1991; Manz et al. 1991; Aylward et al.
1996; Becher et al. 1998; Steenland et al. 1999).
Site-specific 5-year survival rates range between
14.7% for lung cancer and 78.5% for skin cancer,
whereas digestive system cancers (e.g., bladder
and stomach) fall in the middle of this range at
43.4% (Ries et al. 2002). Latency periods range
from 0 to 10, 15, and 20 yr in the above-cited
dioxin studies or are assumed to be between 5,
10, and 20 yr (USEPA 2000c).

For Monte Carlo simulation we assume uni-
form distributions for the 5-year survival rates
(14.7–78.5%), nonfatal cancer morbidity adjust-

ments (0.028–0.583),18 and latency period (0–
20 yr). For the VSL the EPA-recommended
Weibull distribution is assumed ($5.8 million
U.S. dollars [M] mean, $4.15 M standard devi-
ation in 1998 dollars) (USEPA 1999). We ap-
ply a triangular distribution centered on 5% for
the discount rate, bounded by the social discount
rate (3%) and the opportunity cost of capital
(7%) (USEPA 1999). Cancer site-specific 10-
year treatment costs for stomach, bladder, and
lung cancers are drawn from the EPA Cost of
Illness Handbook (USEPA 2001).

The discounted social costs calculated with
the 10th and 90th percentile cancer WTP differ
by one order of magnitude (table 3), which in-
dicates the wide range of this uncertainty. Our
baseline analysis yielded $702 million (1998 dol-
lars) discounted at 5% over a 10-year latency
period. Cancer WTP uncertainty is most sensi-
tive to VSL (76.4%), followed by latency period
(12%) and survival rate (8.4%), and is not very
sensitive to morbidity adjustments and the dis-
count rate in all scenarios, similar to prior re-
search findings (USEPA 1997b; Levy 1999).

Allocation Uncertainty

Allocation uncertainty is one of several plau-
sible sources of uncertainty specific to the EIO-
LCA model (Lenzen 2001) discussed qualita-
tively here. Allocation uncertainty arises when
a facility produces goods that fall under two or
more SIC codes and therefore we do not know
the proportion of emissions released for each SIC
code. For these joint production facilities the re-
searcher can inadvertently introduce an upward
or downward bias to industry TRI emissions coef-
ficients if releases are not properly allocated across
SICs. This in turn can impact the matching of
TRI and BEA databases in this analysis. We find
a fairly high 1–1 correspondence for manufactur-
ing industries, because both systems determine
industry class based on the value of products
produced/shipped or services provided.19 Evi-
dence of high intraindustry variation in levels of
reported TRI emissions relative to inter-industry
variation, particularly at higher levels of SIC ag-
gregation (Streitwieser 1994), indicates the po-
tential for heterogeneity at the four-digit SIC lev-
els used in this analysis.
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In 1998, 34% of our sample TRI chemical
emissions were reported by 964 joint production
facilities under up to six different SIC codes; the
remaining emissions were reported under a sin-
gle SIC code. To evaluate the sensitivity of our
results to allocation uncertainty, we use a simple
rule and allocate emissions equally across all listed
SIC codes per multi-establishment facility and
compare this to the traditional method of allocat-
ing all TRI emissions to the first-listed SIC code.
Given the high concentration of cancer risk in in-
dustries that emit PACs and dioxin (e.g., primary
aluminum and cement), we would expect our re-
allocation to change industry rankings when sig-
nificant amounts of these compounds were emit-
ted from joint production facilities. Significantly
less than 1% of dioxins, though, are emitted from
joint production facilities. The number is some-
what greater for PACs, being 25%, yet overall
these joint production facilities do not affect the
relative impact of direct versus upstream risks and
produce no change in total risk or the top 10 in-
dustry risk rankings. Reallocating TRI emissions
of our chemical sample over all listed SIC codes
to account for joint production facilities does add
several industry sectors to the analysis not in-
cluded otherwise.

Site-Specific Modeling

Finally, uncertainty may arise due to the lack
of site-specific modeling of fate, transport, and
exposure. For our baseline analysis we define the
continental United States as a single compart-
ment in CalTOX. Ideally, life-cycle inventory
analysis (LCIA) should reflect a compound’s ef-
fective range of impact through its characteristic
travel distance (Bennett et al. 1998) and, within
that region, use site-specific inputs, such as pop-
ulation density (Spadaro and Rabl 1999; Crettaz
2000) and food production rates. It is difficult to
complete this analysis on a site-specific basis, first,
because true multimedia models accounting for
spatial variation have only just become available.
Research using a more site-specific multimedium
multipathway fate and exposure model similar
to CalTOX indicates that this would be a re-
finement of our approach (MacLeod et al. 2004).
MacLeod and colleagues find that intake fractions
across North American regions can vary by sev-

eral orders of magnitude for inhalation-dominant
compounds (e.g., benzene and carbon tetrachlo-
ride), which pose increased risks for releases in
urban areas with higher population density. They
find less variation for ingestion-dominant com-
pounds, such as BaP and TCDD, with greater
risks occurring for releases in areas with increased
food production (MacLeod et al. 2004). Second,
we have compared industries based on risk per
economic output. Facility-level economic output
data necessary for a site-specific assessment us-
ing EIO-LCA are not, however, easily accessed
through public databases, including the closely
guarded U.S. Census microdata.

Conclusions and Discussion

In this article we propose a method for un-
derstanding environmental performance through
a measure of public health impacts of carcino-
genic TRI air emissions. In this analysis we find
that emissions of dioxin and PACs, which are
ingestion-dominant, pose a greater cancer risk to
the U.S. population than other compounds that
are inhalation-dominant. We find that a signifi-
cant portion of cancer risks arise from upstream
economic activity. Ranking by TRI emissions
identifies only four of the top ten high-risk supply
chains identified using the EIO-LCA and toxicity
weighting method shown here. Population risk
estimates and industry rankings are very sensi-
tive to the dioxin cancer potency factor, yielding
a factor of ten difference in calculated dioxin can-
cer cases from the higher CPF used by the EPA
and the one suggested by the California EPA.
Analysis of the sensitivity of cancer WTP to la-
tency, cancer specific survival rate, cost of mor-
bidity, and discount rate revealed that these pa-
rameters were far less important than variations
in VSL.

This risk-based approach implies a policy
aimed at limiting U.S. population exposure via
ingestion of highly toxic emissions, such as PACs
and dioxins. Given the disproportionately higher
cancer risks associated with emissions of these
compounds, regulators should pay special atten-
tion to ensuring accurate reporting thereof and
encouraging speciation of compound groups, such
as PACs. Currently these and other persistent
bioaccumulative toxic (PBTs) chemicals, which
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have lower reporting thresholds, are analyzed sep-
arately in the EPA’s TRI data releases. Future re-
search using the approach proposed here should
include more PBTs than our analysis, which has
been limited due to data availability.

Our results also show that there are clear op-
portunities to intervene to reduce impacts across
supply chains. This includes enforcement of ex-
isting industry-specific MACT standards aimed
at primary aluminum industry PAC emissions
and dioxin emissions from hazardous waste burn-
ing cement kilns. Alternatively, exerting demand
side pressure either via policy initiatives or pri-
vate sector efforts can reduce the adverse impact
of upstream risks identified here. Ideally, corpo-
rate managers concerned with minimizing public
health risks should focus on PAC and dioxin ex-
posure throughout their supply chains and pro-
vide specific information on PBT releases in cor-
porate reports to enable performance evaluations
that are more directly related to health impacts.
One manner in which this could be enabled
would be for companies to (voluntarily) submit
confidential data on their purchases by sector,
possibly to the EPA. This information could then
be used to compute upstream impacts using EIO-
LCA, and the ensuing results could be provided
to these companies to allow management to re-
duce purchases associated with high impacts in
their supply chain. A more likely path would
be for industry associations, such as the Global
Environmental Management Initiative (GEMI)
and international standards associations, such as
drafters of the ISO 14001 environmental man-
agement standard (EMS), to reflect social impacts
of emissions in their definition of “performance.”
Finally, socially responsible investors who analyze
environmental and sustainability reports should
note that aggregated mass emissions cannot ade-
quately serve as a proxy for the social impacts of
highly toxic compounds. A special focus on PBTs
in environmental performance reviews would be
highly beneficial from a public health perspec-
tive.

Taken at face value, our results imply that TRI
health impacts are limited to PAC and dioxin
emissions. But noncancer risks (e.g., hormonal/
fertility changes, developmental, in-utero effects,
and risks posed to infants by lactating mothers)
are important intergenerational effects associated

with toxic releases that should be considered,
particularly from the sustainability standpoint.
These effects may widen our analytical scope
to include additional TRI chemicals of major
concern that may not similarly pose a cancer
risk. Ideally, a measure of environmental per-
formance should reflect the combined impacts
on human health and the ecosystem of various
pollutant vectors, such as greenhouse gases, re-
leases to water, toxic chemical emissions, and
acid rain. In many cases, this will require future
research relating these pollutant vectors to hu-
man health and ecosystem outcomes via a damage
function.

Our approach has a limited scope for addi-
tional reasons. U.S. population cancer risk assess-
ments based solely on the TRI database will gen-
erally underestimate potential exposures to toxic
chemicals, because not all of the roughly 70,000
commercial chemicals in global circulation today
are included. Furthermore, atmospheric trans-
formation of more benign TRI chemicals, such
as toluene and various PAHs, may yield more
toxic chemicals not accounted for in this analy-
sis (Dumbie et al. 1988; Kelly et al. 1994). The
problems of measurement error and lack of reli-
able independent third-party verification of the
TRI are notable.

A public health risk-based measure of en-
vironmental performance using EIO-LCA and
the TRI cannot capture significant nonstationary
source air emissions. Thus, with a limited chem-
ical sample of stationary industry source emis-
sions, our estimated 260 annual cases are lower
than 800 excess annual cancer cases estimated for
1990 outdoor concentrations of 148 hazardous
air pollutants associated with inhalation expo-
sure to both stationary and nonstationary sources
(Woodruff et al. 2000).20 To illustrate, stationary
sources account for approximately 10% of PAH
air emissions (Yaffe et al. 2001), whereas vehic-
ular combustion (i.e., product use) accounts for
the majority of PAH air emissions (Harrison et al.
1996; Kavouras et al. 1999; Lim et al. 1999). Sim-
ilarly, stationary sources account for only 3% of
personal benzene exposure, whereas automobiles
account for 82% of benzene emissions (Wallace
1990). Thus, unsurprisingly, we find a negligi-
ble population cancer risk associated with 1998
TRI benzene air emissions. These effects can be
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evaluated with a complete hybrid LCA, combin-
ing the benefits of EIO-LCA for upstream analy-
sis with traditional process LCA for both product
use and end of life phases (Hendrickson et al.
1998).

Future revisions of this analysis should cap-
ture the cumulative lifetime cancer risk arising
from TRI emission years prior or subsequent to
1998. An approach to modeling time series en-
vironmental burdens is the Computerized Gen-
eral Equilibrium (CGE) model, which accounts
for important changes in economic relationships
that drive emissions levels. Time series analy-
ses also need to account for changes in TRI
reporting requirements, gradual regulatory com-
pliance (e.g., MACT), and outsourcing of ma-
jor emissions sources. In addition, new scientific
knowledge of the behavior and risks of various
toxic chemicals will affect TRI cancer risk esti-
mates. For example, future revision of the EPA
Guidelines for Carcinogen Assessment to reflect
dose response relationships specific to different
modes of action and routes of exposure will im-
pact this type of analysis (USEPA 1996a). Fi-
nally, although desirable, developing a firm level
measure of environmental performance based on
this method is complicated by the lack of pub-
licly available firm level direct economic data
to populate the input-output model. Firm-level
analysis would be possible, assuming upstream in-
terindustry transactions based on the data from
the national accounts, but is potentially nonspe-
cific. The analysis offered here can serve as an
industry benchmark for future firm-level analyses
and can help focus regulator and corporate policy
on toxic chemical risk management.
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Notes

1. Several of these SICs are not required to report un-
der the Comprehensive Environmental Response,
Compensation and Liability Act (CERCLA), yet
appear in the dataset, because facilities include
them in their reports if they are reporting under
multiple SIC codes.

2. Another potential source of underreporting is
levels at which facilities are required to report.
Whereas, for most chemicals, reportable quanti-
ties start at 10,000 pounds (lb) of emissions per
year, for persistent bioaccumulative toxic (PBT)
chemicals the EPA has established lower report-
ing thresholds (one pound [lb] ≈ 0.4536 kilograms
[kg, SI]). Thus for dioxin it is 0.1 g and for PACs
100 lb per year. Excluding emissions below re-
portable quantities would not greatly influence our
analysis, because the majority of risk is associated
with dioxin and PAC emissions, which have such
low reporting thresholds.

3. The World Bank’s ToxInt database similarly ap-
plies TLVs to 246 TRI chemicals.

4. CalTOX is a quasi-dynamic model that
reaches steady state for all compounds within
30 yr.

5. CalTOX CPFs are drawn from the U.S. EPA’s
Integrated Risk Information System (IRIS), from
the California Department of Toxic Substances
Control, and from data tables used in work by
Hertwich and colleagues (2001).

6. PEFs are based on cancer bioassay information
and are specific to cancer risk estimation, whereas
dioxin TEFs refer to multiple endpoints and are
based on a combination of studies, including acute
toxicity determination and limited cancer bioas-
say data (Collins et al. 1998).

7. TEQs are applied to dioxin emissions as follows:
TEQ ∼= �(congener1×TEF1) + . . . + (congenerj
× TEFj).

8. One picogram (pg) = 10−12 grams (g) ≈ 3.53 ×
10−14 ounces (oz).

9. We cannot compare measured PAC concentra-
tions to modeled results, because a national PAH
emissions inventory is not readily available. High
BaP concentrations measured in various cereals
and vegetables (Kazerouni et al. 2001) are pre-
dicted by CalTOX, though, increasing confidence
in the model.

10. Others use quality adjusted life years (QALY) to
monetize pain and suffering (Tolley et al. 1994)
But QALY estimation relies on much stricter
assumptions than WTP, generally ignores in-
come, and has not been fully integrated with
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welfare-based measures of value (Johannson 1995;
USEPA 2000a).

11. These results hold only for lymphoma and may
not necessarily be generalizable to other types of
cancer.

12. Demand is set as the identity matrix such that an
industry’s environmental burden is a reflection of
steady-state output to final demand for its product
devoid of any output due to input requirements to
fulfill final demand of other industry sector prod-
ucts.

13. Value added and output are highly correlated
(R2 = 0.97, p ≤ 0.001) for U.S. industries, and
thus normalizing cancer risk by value added to in-
dicate the trade-off between jobs and human lives
does not introduce additional bias.

14. Non-U.S.-based upstream production is captured
under the assumption that overseas and U.S.
production technologies are similar. For imports,
domestic port value is assumed equivalent to
the producers’ price of comparable domestically
produced commodities (Miller and Blair 1985;
Lawson 1997).

15. Four industries (BEA codes 510104, 10302,
200400, and 210000) reporting negative VA in
1998 were excluded in the analysis. Of these
only 510104 (computer peripheral equipment)
and 200400 (special product sawmills) reported
emissions of the TRI chemicals in our sample,
ranking 206th and 2nd by direct kg emissions
per output respectively. These two industries
do not rank in the top 20 in terms of di-
rect and total supply chain risk per output, and
thus would not significantly affect our risk-based
rankings.

16. Inlet test data are representative of precontrols,
and outlet test data reflect environmental releases
not captured or destroyed by air pollution con-
trol equipment with an 85–99% control efficiency
range.

17. One mole (mol) of a substance = 6.022 × 1023

atoms, molecules, or other particles; the mass in
grams of this amount of a substance is numerically
equal to the molecular weight of the substance.
One milliliter (mL) = 10−3 liters (L) ≈ 0.034
fluid ounces.

18. Scholars recommend treating a COI-based cancer
WTP for nonfatal cancers as the lower bound (here
2.8% VSL for stomach cancer) and the Magat
and colleagues 58.3% adjustment to VSL as the
upper bound of the estimation range. (SAB-EEAC
2000)

19. Initial matching of SIC codes with BEA industry
codes leads to an 8% loss of data for our chem-

ical sample. To minimize this we rematch SIC
7389 with BEA code 73.0109 and SIC 9711 with
BEA industry 3.0001. SIC 2819, organic chemi-
cals, emissions can be assigned either to BEA 27.01
or to BEA 38.04. As 94% of total sales are from
27.01, all 2819 emissions are allocated to this in-
dustry. SIC 4931 and 4933 emissions are assigned
to 68.01 based on share of sales (96%) rather than
78.02.

20. Reductions in HAP emissions levels since 1990
will also explain this difference.
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Appendix A

Table 4 Listing of acronyms

BaP benzo(a)pyrene
COI direct costs of illness
CPF cancer potency factor
EIO-LCA economic input-output life-cycle

assessment
GDP gross domestic product
HAP hazardous air pollutant
HTPs human toxicity potentials
IF intake fraction (U.S.

population)
ilF individual intake fraction
LCA life-cycle assessment
MACT maximum available control

technology
NTI National Toxics Inventory
OH hydroxyl radical
PAC polycyclic aromatic compound
PAH polycyclic aromatic hydrocarbon
PBH persistent bioaccumulative toxic
PEFs potency equivalency factors
POM polycyclic organic matter
RSEI U.S. EPA’s Risk Screening

Environmental Indicators
SAB-EEAC U.S. EPA Science Advisory

Board Environmental
Economics Committee

SIC standard industry classification
TCDD tetrachlorodibenzo-p-dioxin
TEFs toxic equivalency factors
TEQ-WHO98 toxic equivalent scheme of the

World Health Organization
TLVs threshold limit values
TRI U.S. EPA’s Toxic Release

Inventory
VA value added
VSL value of a statistical life
WTP willingness to pay
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