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ABSTRACT 

In May of 1993, the U.S. EPA announced that the 
permitting of hazardous waste combustors will depend, 
among other things, on the results of site-specific assess
ments of health risk (U.S. EPA, 1993). Current risk as
sessment methodologies attempt to trace the movement 
of pollutants throughout the environment and evaluate all 
means through which an individual might be exposed to 
chemicals released from a facility stack. Such multi path
way risk assessments require the specification of a myriad 
of parameters. According to current regulatory guidance 
and practice, "reasonable maximum exposure" scenarios 
are constructed by selecting a mix of average and con
servative parameter values: the goal is to estimate high
end risks to a limited population of individuals. Consider
able uncertainty is associated with many parameters and 
assumptions, however, and the interpretation of risk esti
mates is confounded by the inability to gauge the overall 
degree of conservatism. In complex settings, uncertainties 
are so large that present methodologies are incapable of 
providing meaningful and reliable information. In these 
cases, probabilistic techniques offer a means to assess both 
uncertainty and variability and thereby provide a wealth 
of additional information that cannot be rendered by de
terministic risk assessments. In this paper, we present a 
case study of a hazardous waste combustor in which prob
abilistic techniques will be employed extensively in a sys
tematic, comprehensive manner. The direct treatment of 
uncertainty includes the detailed consideration of dose-re
sponse factors that are typically treated as definitive values 
in traditional risk assessments, but typically embody the 
largest degree of uncertainty. 
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INTRODUCTION 

Combustors of hazardous waste and municipal solid 
waste release various potentially toxic compounds. Some 
of the chemicals emitted are constituents of the waste that 
travel through the combustion process and are not cap
tured by pollution control equipment. These chemicals in
clude metals such as mercury, arsenic, and cadmium, and 
organic compounds that escape combustion or are only 
partially oxidized. Other pollutants, such as polychlori
nated dibenzo-p-dioxins and furans (PCDDs and PCDFs), 
are byproducts formed in the combustion train. 

Risk assessment is a formal, mathematical tool that can 
be used to evaluate potential hazards introduced by pol
lutant emissions. The classic, four-step process (National 
Research Council, 1983) is illustrated in Figure 1. 

In hazard identification, chemicals of concern are iden
tified from stack test measurements or, in the case of a 
planned facility, from the operating experience of simi
lar plants. For each chemical, emission rates are assigned 
based on measurements (if available) or projected with 
consideration of plant capacity, waste composition, pollu
tion control equipment, and performance testing of exist
ing facilities. Exposure assessment marries estimates of 
pollutant concentrations in environmental media with the 
anticipated rates these media will be contacted by recep
tors. Independently, the toxicity of each chemical is char
acterized quantitatively by a dose-response assessment 
that relates the degree of harm concomitant with vary
ing levels of exposure. Finally, the exposure and dose-re
sponse assessments are compared to characterize potential 
risks. 

As described further on, typical risk assessments rely 
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on deterministic models that yield point estimates of risk. 
These estimates are generally thought to be conservative 
(high-end) values, but the degree of conservatism is un
known, as is the level of uncertainty of the estimate. In 
the final portions of this paper, we describe a risk assess
ment we are in the midst of conducting in which proba
bilistic methods are being utilized extensively. Our assess
me�t is intended to characterize the risks (and uncertainty 
of nsks) presented by the highly controversial WTI haz
ardous waste combustor in East Liverpool, Ohio. As de
scribed in section 5, the WTI facility is located in a narrow 
river valley, and potentially poor air pollutant dispersion 
emphasizes the importance of a thorough, carefully con
structed risk assessment. 

Evolution of Risk Assessment of Air Pollutant 
Sources 

Risk assessment is a dynamic, evolving process. 
Changes and refinements have been introduced for two 
principal reasons. First, advances in scientific knowledge 
and applied methodologies have increased the sophistica
tion of risk assessments. Second, this sophistication has 
been paralleled by the demands of regulators and others 
for risk assessments to provide information of ever-in
creasing breadth and detail. 

The human health risk assessments of combustors that 
were performed a decade or so ago were of limited scope, 
typically considering a select number of chemicals and 
evaluating risks due only to inhalation. Pollutant concen
trations in ambient air were predicted using standard dis
persion models commonly used in regulatory analyses un
der the Clean Air Act. This process depended primarily on 
the specification of emission rates for all pollutants of in
terest. 
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The potential importance of exposure routes other than 
inhalation was recognized through the realization that for 
pollutants such as chlorinated dioxins and furans, most of 
an individual's body burden results from dietary intake, 
and inhalation constitutes only a small fraction of total 
exposure. Fortunately, most of the techniques needed to 
conduct multipathway risk assessments had already been 
developed by the Nuclear Regulatory Commission for the 
evaluation of nuclear power plants. As an example, Baes 
et al. (1984) provide a detailed review of the procedures 
and factors available for evaluating the fate and transport 
of pollutants in soil and agricultural products. Most of 
this work was devoted to inorganic compounds (radionu
clides), however: more recent research has involved the 
estimation of fate and transport parameters for organic 
compounds, with special emphasis on chlorinated dioxins 
and furans. 

Most of the early multipathway risk assessments were 
conducted for municipal solid waste combustors. By the 
mid-late 1980s, assessments evaluated exposure to con
taminated soil, water, vegetables, beef and dairy products, 
fish, and the secondary exposure received by a nursing 
infant (Levin et aI., 1990). Not all routes were common 
to all assessments, partly because of appropriateness (e.g., 
the absence of nearby farms allowed the omission of any 
assessment of beef and dairy products), and partly be
cause there was no consensus regarding the list of expo
sure routes that should be evaluated. 

Figure 2 is a conceptual representation of the multi
pathway exposure assessment to pollutants that may be 
released from the stack of a combustor. Two large boxes 
distinguish the "fate and transport modeling" and "human 
exposure estimates" sections. "Fate and transport mode
ling" utilizes mathematical algorithms to predict the tra
vel of pollutants emitted from the stack. An air dispersion 
model typically combines information ( 1) about the plant 
(such as the size and configuration of the buildings, the 
height of the stack, and the properties of the flue gas), 
(2) the terrain of environs surrounding the facility, and 
(3) hourly measurements of meteorological parameters, 
to predict the dispersion of pollutants in the atmosphere. 
Additional algorithms predict the rates at which airborne 
pollutants are deposited to soil, water, and vegetative sur
faces. Upon deposition, relevant physical and chemical 
processes are modeled in order to predict the behavior 
of contaminants in each of these media. Additional mod
els predict the transfer and accumulation of pollutants in 
locally-produced vegetables, meats, fish, and dairy prod
ucts. 

The solid-filled arrows between the different envi
ronmental compartments indicate the pathways through 
which pollutants are assumed to travel. Some relationships 
are fairly simple. For example, pollutant concentrations in 
air are estimated in a straightforward manner by modeling 
the dispersion of emissions from the stack. Other routes 
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are much more complex and require the pursuit of con
taminants through several environmental media. 

Consider, for example, the estimation of pollutant con
centrations in cow's milk that is produced within an area 
affected by the plant. Empirical measurements from other 
studies can be used to estimate the concentrations of pol
lutants in milk that will result from a cow's exposure to 
contaminants in her environment. In this case, the cow's 
intake of pollutants is derived from eating food and (in
cidentally) soil. The method used to estimate contaminant 
concentrations in air is as described above. 

As indicated in Figure 2, pollutant concentrations in soil 
are modeled as the deposition of contaminants in air. Sur
face water supplies can be affected by (1) direct deposition 
of pollutants from the air and (2) contaminants conveyed 
in surface runoff of soil (which is in tum affected by de
position of pollutants from air). The cow's food supply 
(vegetation) can also become contaminated through two 

. mechanisms: airborne pollutants can deposit to the surface 
of vegetation, and contaminants from soil can translocate 
into plants, 

The lower box (with the heading "human exposure 
estimates") in Figure 2 illustrates the three mecha
nisms through which humans are exposed to pollu
tants inhalation of vapors and particles, ingestion of a 
variety of media (both purposeful and incidental), and der
mal contact with chemicals in soil or water. Incorporating 
contaminant uptake by these three routes allows the esti
mation of a total intake for each pollutant. 

Within Figure 2, the "fate and transport modeling" and 
"human exposure estimates" are linked with open-headed 
arrows. The connections indicate the various pathways 
through which humans may be exposed to pollutants that 
originate from stack emissions. 

Detailed guidance for conducting multi pathway risk as
sessments has been developed by the U.S. EPA (1990) 
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that incorporates all of the elements of Figure 2. There 
are, however, a number of technical and policy issues that 
are currently under examination. Thus, risk assessment 
methodologies will continue to evolve as new data are col
lected, scientific uncertainties are resolved, and guidance 
is refined. The remainder of this section is devoted to the 
discussion of several issues pertinent to current risk as
sessment practices. 

Estimating Pollutant Deposition 

Particle-bound pollutants deposit to the ground via two 
mechanisms. Dry deposition is the process whereby parti
cles settle and adhere to the surface. Wet deposition refers 
to the particle scavenging that occurs as precipitation fal�s 
in the atmosphere, Of these two processes, dry deposI
tion is better understood, and modeling algorithms for dry 
deposition have been more commonly applied than those 
for wet deposition, In fact, many multi pathway risk as
sessments have ignored explicit consideration of wet de
position, in part because of the immaturity of available 
models, and in part because of uncertainties in its contri
bution to food-chain pathways that generally are found to 
be the most critical exposure routes. I More specifically, 
one of the key steps in estimating pollutant concentra
tions in vegetation is assessing the level of particle bound 
pollutants deposited onto the surface of leaves. Consider 
particles washed out of the air by precipitation, Little is 
known about the fraction of pollutants that may be trans
ferred from rain to leaf surfaces as falling hydrometers ca
reen through vegetative cover. In fact, arguments could be 
made that precipitation serves to clean vegetative surfaces. 
Countering this notion, particles may remain on leaves 
upon termination of precipitation and subsequent evapo
ration of the thin film of water that had adhered to the 
surface of the plant. 

Models are available lot estimating wet deposition of 
particles (EPA, 1990), but none have been validated ade
quately in field tests. Qualitatively, estimates of �et depo
sition flux can be much greater than dry depOSition flux, 
especially close to the stack location, In �act, since wet �e
position models assume particle scavengmg over the entire 
cross-section of the plume, the maximum wet deposition 
rate is modeled at the stack location. Dry deposition, how
ever, depends upon the ground-level concentration, and 
thus is greatest at the point where the plume touches down. 
As a result, the indiscriminate summation of maximum 
wet and dry deposition rates (which we have seen in some 
assessments) is an erroneous simplification. Furthermore, 
as discussed above, assumptions concerning the role of 

I Evaluation of wet deposition has not been addressed by most regulat
,
ory 

authorities, The New York State Department of Health, for example, requires 
the consideration of only dry deposition in their draft exposure assessment 
guidance for municipal solid waste combustors (NYSDOH, 1991), 



wet deposition in fate and transport modeling may be of 
crucial importance. 

Recent research (e.g., McCrady and Maggard, 1993) has 
demonstrated that plant tissues can assimilate vapors from 
the atmosphere and recent laboratory studies show this to 
be a potentially important mechanism (Welsch-Pausch et 
aI., 1993; Rippen & Wesp, 1993). For pollutants such as 
PCOOs and PCOFs that exhibit an affinity for the particle
bound phase, even a small vapor phase component can 
enhance air-to-plant deposition rates. Additional research 
is necessary, however, to characterize the factors that gov
ern vapor-particle partitioning of these compounds in the 
atmosphere. 

Defining Exposure Profiles 

Even though multipathway risk assessments are highly 
quantitative and entail numerous models and calculations 
many aspects of risk assessment remain a craft and de� 
mand skilled professional judgement. Perhaps the great
est sense of discretion afforded the risk assessor is the 
choice of the factors that determine the nature and de
gree of exposure assumed in the risk assessment. Typi
cally, hypothetical individuals are constructed who con
tact facility-released pollutants through multiple exposure 
routes - often through all exposure routes considered in 
the analysis. Since many assumptions are multiplicative, 
particular combinations of parameters and choices can 
have dramatic effects on risk estimates. General choices 
include where the hypothetical receptor lives (and remains 
living for extended periods), sources of foodstuffs (home
grown or store-bought), and rates of contact with contam
inated media. 

The Maximally Exposed Individual (MEl) is a common 
regulatory construct of early multi pathway risk assess
ments. Frequently, MEIs were assumed to live indefinitely 
at the location of maximum facility impact and partake 
heavily in activities so as to assume a high degree of ex
posure. Under the impression that MEIs were overly con
servative, the concept of Reasonable Maximum Exposed 
Individual (RMEI) has evolved. Adopted from Superfund 
risk assessment methodologies, the goal of constructing 
an RMEI is to derive an appropriate mix of assumptions 
and parameters at average, conservative, and extreme val
ues so that the overall exposure profile is conservative yet 
still plausible. Quoting from U.S. EPA ( 1989) guidance: 

" ... For Superfund exposure assessments, intake vari

able values for a given pathway should be selected so 
that the combination of all intake variables results in 
an estimate of reasonable maximum exposure for that 

pathway. As defined previously, reasonable maximum 
exposure (RME) is the maximum exposure that is rea
sonably expected to occur at a site. Under this approach, 
some intake variables may not be at their individual 
maximum values but when in combination with other 
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variables will result in estimates of RME . . . .  " (empha
sis in the original) 

The construction of an RMEI exposure profile is thus 
subjective, since specific guidance on the mix of assump
tions is not provided (although there has been an attempt 
to formulate some standard assumptions, as discussed in 
the following Section). However, there is no easy way (if 
any) to measure the overall degree of conservatism em
bedded within the RMEI. Consequently, RMEI risk esti
mates may fail to convey meaning since it may be im
possible to gauge where the RMEI fits into the population 
at risk. Perhaps more importantly, RMEI analyses are not 
what most numbers of the public want or comprehend. In 
our experience, people who live near an existing or pro
posed combustor don't want to know what their risks are 
less than - they want to know what their risks are. 

Standard Assumptions and Site-Specific Factors 

The latitude permitted for the construction of RMEls 
conflicts with one of the prime objectives of many regu
lators - that of consistency. Especially germane to large 
programs such as Superfund, fairness dictates that, with 
all other factors being equal, similarly contaminated sites· 
in identical locales should be treated the same, and hence, 
should yield equal estimates of risk. Also, the risk esti
mates for different sites (or for different remedial scenar
ios of the same site) should, to the degree appropriate, be 
amenable to relative comparison. 

For these and other reasons, the U.S. EPA (199 1) has 
developed standard default exposure assumptions to be 
used in the absence of site-specific information. Although 
this guidance provides a degree of uniformity to risk as
sessments that can be useful to regulators, there are dis
advantages. The specification of standard default values 
offers convenience and easy justification, which dimin
ishes the incentive to gather site specific data that could 
augment the relevance of the risk assessment. Also, the re
peated use of the same parameters and assumptions makes 
them more familiar over time, and this familiarity can lead 
to an unjustified sense of confidence. Many parameters 
and assumptions used in risk assessments remain highly 
uncertain. For example, widely varying estimates of inci
dental soil ingestion rates have been reported. But insisting 
on the use of default values curtails the motivation to even 
consider uncertainty, let alone to research and understand 
it. 

Modeling PCDDs/pCDFs 

In addition to the recent research on vapor absorp
tion by plants described in Section 2.1, various other as
pects of PCOOs and PCOFs are under investigation, and 
studies can be expected to provide more detailed infor
mation on fate and transport behavior in the environ-



ment and on toxicity to humans and others. Perhaps the 
most significant trend is the distinction of the individual 
dioxin and furan congeners. Traditionally, all dioxin and 
furan congeners have been assigned relative toxicity fac
tors based on structure-activity relationships and treated 
as a single compound (2,3,7,8-tetrachlorodibenzo-p-dioxin 
[2,3,7,8-TCDDD in environmental modeling. Recent stud
ies, however, are providing information on the behavior 
of individual congeners, and there is a growing trend to 
use this information and model each congener separately 
in multi-step food-chain pathways. In most cases, the dis
tribution of dioxin and furan congeners emitted from the 
facility is assumed to persist to the point of deposition. 
Further research may evaluate the potential for selective 
degradation of congeners in the atmosphere. 

EVALUATING ACCEPTABILITY FOR 
DETERMINISTIC RISK ASSESSMENTS 

Having been a witness to the evolution of risk assess
ments for municipal solid waste combustors, one of our 
clients remarked, with frustration, that although the pro
jected emission rates of new facilities have dropped dra
matically over time (primarily because of advances in con
trol technologies), estimates of human health risk from 
combustors have remained more or less the same. Al
though there are a number of factors that have led to this 
paradox, the foremost has been the fact that while the 
level of acceptable risks has remained relatively constant, 
the typical scope of risk assessments has increased signif
icantly over time. 

Despite the many complexities of risk management, 
the 10-6-10-4 range of acceptable excess cancer risk to 
RMEIs as defined by the Superfund program is both per
vasive and widely applied. An RMEI excess cancer risk of 
10-5 has been adopted in a number of regulatory frame
works and, as a rule of thumb, can be thought of as a 
generic target level. 

A decade or less ago, it would have been sufficient to 
demonstrate that risks from the inhalation pathway alone 
would meet target risk criteria. Today, the combined risks 
of a multipathway risk assessment are expected to meet 
the same criteria. Since, for many chemicals, indirect ex
posures are much larger than inhalation exposure, more 
stringent emission rates are necessary to satisfy the target 
risk criteria. 

As the process of encompassing more detailed exposure 
calculations continues (e.g., the need to consider wet depo
sition, vapor absorption, higher bioconcentration factors, 
etc.), additional pressure is placed on reducing the overall 
conservatism of the risk assessment so that the same target 
criteria can be met. For example, RMEIs may be restricted 
to the locations of actual farms, relaxing a previous as
sumption that a person living at the point of maximum 
facility impact may at some point decide to keep live-
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stock. At some point, the mix of exposure assumptions 
may appear to lose its conservative edge. Unfortunately, 
current deterministic methods do not provide any means 
to gauge the degree of conservatism in risk estimates, and 
arguments over the appropriateness of assumptions cannot 
be resolved rationally. 

There are various ways to address to this dilemma. One 
solution is to redefine target risk criteria as new burdens 
are placed upon risk assessments. This solution is not 
likely to be embraced by either regulators or the pub
lic; target risk criteria are generally perceived as absolute 
goals to be met in all circumstances. A second solution is 
to limit and/or fix the requirements of the risk assessment, 
but this alternative also fails to satisfy the notion that tar
get risk criteria should be absolute (inclusive) goals. 

Another alternative, which we see as the most promis
ing, is the application of probabilistic risk assessment tech
niques. By dealing directly with uncertainties, probabilis
tic risk assessments can provide a wealth of information 
that is not accessible from deterministic analyses. The ad
vantages of probabilistic techniques are elaborated in the 
following sections. 

PROBABILISTIC RISK ASSESSMENT 

Probabilistic risk assessment techniques have been 
available for some time, and have been used extensively 
by the nuclear power industry (U.S. NRC, 1983). Prob
abilistic techniques differ from deterministic algorithms 
by explicitly considering variability and uncertainty in pa
rameter values and models. So doing, the results of the risk 
assessment are no longer limited to point (deterministic) 
estimates, but rather are a distribution of possible values. 

Compared with a point estimate, a distribution of values 
provides a greater amount of information. Percentile val
ues, ranges, and other statistical measures can be used to 
characterize likelihood and uncertainty. For example, 95th 
or 99th percentile values may be used to characterize the 
risks due to reasonable maximum exposure; the risk due 
to average-case exposure can be gauged by the median of 
the distribution. 

Each estimate of risk has its different uses. Worst-case 
estimates provide information as to extreme patterns of fa
cility operations, resulting exposures, and expected toxici
ties. Median-case estimates are more useful for comparing 
to risks posed by other sources and types of air pollution, 
especially when those risks are based on quantifiable ef
fects in exposed populations. Properly combined with de
mographic information, probabilistic methods can be used 
to derive estimates of population-weighted risk and distri
butions of risk to specific segments of the population. 

The Monte Carlo method is perhaps the best-known 
probabilistic technique. In a Monte Carlo simulation, dis
tributions are specified for each parameter that account for 
both variability and uncertainty. A single instance of risk 



is computed by: ( 1) selecting random values for each pa
rameter from the distributions and accounting for any cor
relations between variables (e.g., food consumption rates 
may be partially related to body weight); and (2) calcu
lating the value of risk (using deterministic models and 
relationships) with the set of random values for that in
stance. By conducting a large number of determinations, 
a distribution of risk values is generated from which it is 
possible to determine relevant statistical measures. 

Variability and Uncertainty 

Variability and uncertainty are associated with practi
cally all exposure parameters. The differentiation of these 
terms is important. Variability is the measured variation 
between members of a defined population that leads to 
potential differences in risks. Uncertainty is the combi
nation of all other effects that lead to variations in risk 
estimates for the defined population. These definitions are 
necessarily somewhat arbitrary, since the distinction be
tween the two can become blurred (it may not be known 
whether different measurements arise because of variabil
ity in the parameter being measured or from uncertainty 
in the measurement of that parameter), and some effects 
that contribute to variability for some populations instead 
contribute to uncertainties in others.2 

As discussed in Section 2.2, the standard way of ac
counting for both uncertainty and variability has been to 
choose point estimates for some parameters that come 
from relatively extreme values of the variability or uncer
tainty distributions characterizing some of those parame
ters, and central values for others (U.S. EPA, 1989). This 
method leads to the concept of selection of individuals 
or populations who are RME (reasonably maximally ex
posed) receptors. Incorporating complete variability and 
uncertainty distribution allows evaluation of how extreme 
the selected RME individuals or populations are; and also 
allows explicit estimation of the remaining uncertainty and 
variability for the RME receptors themselves. 

A Simple Example of a Monte Carlo Simulation 

As a simple example, consider the problem of estimat
ing the risk to one of the 400,000 or so individuals in Cali
fornia affected by dibromochloropropane (DBCP) in their 
water supply.3 DBCP has been shown to cause cancers in 

2As an example, the variation in individual bodyweight contributes to vari
ability of a risk estimate in a population if the distribution of bodyweights 
in that population is known. For an individual of a known bodyweighl in 
the population, this variability is removed. However, for an individual of 
unknown bodyweight, the distribution of bodyweights contributes to the un
certainty in risk estimates. 

30BCP is a formerly widely used pesticide - not a contaminant emitted 
from combustors. The example is offered to illustrate a simple Monte Carlo 
analysis. Such analysis could be applied to any contaminant in any medium. 
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laboratory animals given reasonably large doses, and so it 
is assumed to also be a human carcinogen, and to be so 
at even very small doses. 

Measurements made in Californian water supplies show 
that DBCP contaminates the water supplies used by about 
400,000 people, although the concentration in those water 
supplies varies considerably. For any individual chosen at 
random from the exposed population, the likelihood that 
one's exposure lies in any given range can be well ap
proximated by a lognormal distribution. In particular, the 
probability that the concentration in their water lies below 
a concentration C mg/liter can be approximated by 

<1>(0.562 In (Cleo» 

where if> is the standard normal function and Co = 1.62 x 
10-4 mg/liter 

Individuals using the contaminated water will be ex
posed to DBCP principally through drinking, showering 
(DBCP escapes into the air, and may be inhaled), and 
through dermal contact (principally in showers). Different 
individuals drink different quantities of water, and have 
differing showering habits, so that their exposures differ 
even for similar concentrations in the water supply. These 
differences can be approximated by lognormal probabil
ity distributions for the effective amounts of contaminated 
water that result in exposure by these three routes: 

Ingestion: Median 0.028 liters/kg-day, geometric 
standard deviation a factor of 1.4 

Inhalation: Median 0.03 liters/kg-day, geometric 
standard deviation a factor of 3 

Skin contact: Median 0.022 liters/kg-day, geometric 
standard deviation a factor of 2. 

The total effective rate of contact (Ee, in liters/kg-day) 
with contaminated water is obtained by summing these 

three (Ee = Eing + Einh + Esk)· 
The State of California has estimated the carcinogenic 

potency to humans of DBCP from a mouse experiment by 
applying various extrapolations, all of which involve some 
uncertainty. By adopting a relatively conservative attitude, 
they obtained an estimate for P, the human carcinogenic 
potency, of 7 kg-day/mg. This value is explicitly designed 
to be high, so that it is likely that the actual carcinogenic 
potency in humans is lower. It is possible to evaluate the 
uncertainty distribution for all the steps taken in Califor
nia's procedure of estimating carcinogenic potency in hu
mans, although the resulting combined uncertainty distri
bution cannot be as easily described as in the preceding 
case. 

A typical approach to obtaining a point estimate of 
risk (R) for an individual (analogous to the estimates that 
would be obtained for a Superfund site) may be obtained 
by making point estimates for each of the variables de
scribed above, and multiplying them together. 



This also incorporates extra assumptions that we are not 
concerned with here: the individual stays in the same place 
for a lifetime; the measured concentration does not change 
with time; and so forth. The point estimates used would 
depend on the type of estimate required, but would usually 
be conservative (i.e. high). For a Reasonably Maximally 
Exposed (RME) individual, as used in the Superfund pro
gram, one would probably select the 95th percentile of 
the concentration distribution (0.003 mg/liter in the sam
ples from the water supplies), or an even higher percentile, 
with the means of the ingestion, inhalation, and skin con
tact exposures (the mean of the sum is 0.094 liters!k-day), 
together with the point estimate of potency. The resul
tant point estimate of lifetime risk is simply the product 
7 x 0.003 x 0.094 = 0.002. 

A more complete picture of individual risk emerges, 
however, (if account is taken of all the uncertainties and 
variability. In this problem, the main source of variability 
between individuals arises from the exposure concentra- . 
tion distribution, and the main source of uncertainty is in 
the estimate of human carcinogenic potency. For a random 
individual in the exposed population, the inter-individual 
variability has to be interpreted as an uncertainty (since for 
a random individual, the actual exposure concentration is 
not known except with an uncertainty corresponding to the 
variability between individuals), so that both of these dis
tributions may be interpreted as uncertainty distributions. 
The complete uncertainty distribution for individual risk 
may thus be obtained as 

where the symbol Ei1 indicates a convolution integral for 
the sum of two distribution functions, and ® indicates a 
convolution integral for the product of two distribution 
functions. 

Exact evaluation of such convolution integrals is not 
usually possible, so that an approximation is necessary. 
One standard and very convenient approximation method 
is the Monte Carlo simulation. A sample is drawn from 
each distribution going into the risk estimate, and the risk 
estimate evaluated using those sample values. This is re
peated sufficiently often that a numerical approximation to 
the distribution of risk estimates is obtained, with the ac
curacy of the approximation inversely proportional to the 
number of samples. Figure 3 shows the results of such a 
simulation on our example, using 10,000 samples. The cu
mulative distribution for individual risk is shown as a solid 
line (left scale), and the differential distribution as a dotted 
line (arbitrary scale). The location of the point estimate is 
also shown (it is at approximately the 99th percentile of 
the complete distribution). 
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FIG. 3 RESULTS OF A MONTE CARLO 

SIMULATION FOR INDIVIDUAL RISK FROM DeCp 

The distribution shown in Figure 3 must be interpreted 
carefully. For each value of risk (x-axis value) the cumu
lative curve shows the probability (y-axis value) that the 
lifetime risk to a randomly chosen exposed individual is 
smaller than the given value, subject to the assumptions 
going into this simulation (which include the caveats men
tioned above, about the individual staying in the same 
place, the exposure staying the same, and so forth, to
gether with various others that are more technical and even 
more important, such as assumptions about carcinogenic 
dose-response curves). This distribution applies only to 
randomly chosen individuals - it does not correspond to 
the uncertainty distribution for an individual exposed to a 
known concentration, for example, nor can it be used to 
evaluate the distribution of total population risks. In both 
the latter examples, the inter-individual variability in con
centration either does not enter the problem, or enters it 
in a different way that must be correctly accounted for. 

A PROBABILISTIC RISK ASSESSMENT OF THE 
WASTE TECHNOLOGIES INDUSTRIES (WTI), 
EAST LIVERPOOL, OHIO 

The WTI hazardous waste combustor is situated in the 
Ohio River Valley about 25 miles northwest of Pitts
burgh, Pennsylvania, on the northwest bank of the Ohio 
River. The facility lies between the river and CONRAIL 
tracks in the East End of East Liverpool, Ohio, some I � 
to 1 i miles east to northeast of the main part of East 
Liverpool. Figure 4 shows the rail line of the East Liv
erpool area and was based on topological maps of the 
East Liverpool North and South quadrangle published by 
the U.S. Geological Survey. The Ohio River runs ap
proximately ENE to WSW by the facility, at which point 
the valley is approximately 4000 feet wide and 300 feet 
deep, as shown in the approximate cross-section shown 
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in Figure 5. The top of the ISO-foot stack of the facility, 
about 850 feet above sea level, is 100 to ISO feet below 
the top of the nearby valley scarps that rise 250 to 350 feet 
above the river. Most of the main part of East Liverpool 
itself lies hidden from the facility by a steep valley wall 
rising to an altitude of 900 to 1000 feet above sea level. 

Land use immediately adjacent to the WTI facility is in
dustrial, but East End neighborhoods are quickly encoun
tered to the west and north. Further downriver, the City of 
Chester, West Virginia is situated on the southwest bank of 
the Ohio River, and the main part of East Liverpool rises 
out of the valley to the north. Upriver, various communi
ties are located on the banks of the Ohio River in West 
Virginia and Pennsylvania. Near the facility, especially to 
the south and directly across the River, the steep walls 
of the Ohio River Valley are largely forested. Outside of 
the valley, land use varies from residential in areas such 
as the outskirts of East Liverpool and small communities 
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such as Lawrenceville, West Virginia, to the sparsely pop
ulated rural lands common in West Virginia and Pennsyl
vania. 

The facility burns mixtures of hazardous waste, the na
ture of which is limited by operating permits and regula
tions. Hazardous waste streams are burned in a combustor 
that consists of a rotary kiln and a secondary combustion 
chamber. Combustor gases are routed through a heat re
covery boiler, then through a spray dryer, an electrostatic 
precipitator (ESP), and a wet scrubber before being re
heated (by steam) and exhausted through the stack. In ad
dition, at various points downstream of the combustors, 
activated carbon is injected into the gas stream to help 
remove organic and some inorganic materials. The slurry 
from the wet scrubber is neutralized and fed into the spray 
dryer, while combustor slag and fly ash from the boil
ers, spray dryer, and ESP are disposed of off-site as solid 
waste. 

Several risk assessments have already been performed 
for the WTI facility. The air permit, for example, is based 
in part on a risk assessment -- an assessment demonstrat
ing that permitted metals will be emitted at rates that will 
not cause exceedances of health-based air quality guide
lines. A more detailed, preliminary risk assessment, per
formed by U.S. EPA Region V and ENVIRON Corpora
tion (U.S. EPA, 1992), evaluated potential effects on an 
individual "maximally exposed" via inhalation to emis
sions from the WTI facility. More recently, various risk 
assessments were presented in Federal court (in the matter 
of Greenpeace, Inc., et al. vs. Waste Tech�ologies Indus
tries, et aI., U.S. District Court, Northern District of Ohio, 
Eastern Division, Case No. 4:93CV0083), although these 
were limited to determining whether emissions of poly
chlorinated dibenzo-p-dioxins and furans during one year 
of operations would pose an imminent hazard to human 
health. 

The U.S. EPA intends to perform a long-term multi
pathway risk assessment for the WTI facility based upon 
emission rates measured during trial operations. The re
sults of the risk assessment may be used, in part, to deter
mine final permit limitations. We anticipate that the U.S. 
EPA's risk assessment will be deterministic, and will in
clude models and methodologies that are new to the U.S. 
EPA and relatively novel in the risk assessment field as 
a whole (such as wet deposition). An extreme degree of 
uncertainty may be associated with the risk estimates, and 
it is likely that the deterministic risk assessment will fail 
to provide meaningful measures of this uncertainty. In this 
case, an extreme burden will be placed on risk managers 
to judge the relevance of risk estimates. Should risk man
agers lack the technical training necessary to understand 
and interpret the complex series of models that are em
ployed in the multi pathway analysis, the risk estimates 
may appear uninformative, and important decisions may 
rest on non-technical matters. 



As an alternative, we have derived a protocol for a prob
abilistic risk assessment of stack emissions from the WTI 
facility. Our goal is to perf OIl II the most informative, de
fensible risk assessment feasible one that lays plain ac
tual and plausible impacts. 

To provide a broad characterization of the risks to health 
associated with operation of the WTI facility, two types of 
risk estimates will be calculated. The first, generated by 
the probabilistic methods, will be estimates for individu
als in the population surrounding the WTI facility and for 
that population as a whole. The purpose of this estimate is 
to convey the range of risks associated with the range of 
exposure conditions anticipated to exist within the neigh
boring communities, and to illustrate the uncertainties of 
such risk estimates. 

The second type of estimate (again generated by the 
probabilistic methods) will be for individuals and a pop
ulation that might be highly exposed in this case, those 
we designate as "farmers." This nomenclature is not meant 
to limit the analysis to those who fall II, but indicates a 
lifestyle in which a substantial fraction of the foodstuffs 
consumed (vegetables, meat, and dairy products) comes 
from areas immediately adjacent to the place of residence. 
This population corresponds to the one that would be tar
geted by the standard "reasonably maximally exposed in
dividual" (RMEI) approach. Parameter distributions used 
throughout the proposed risk assessment will include the 
values that might be used in such a standard RMEI eval
uation, so we can easily generate the RMEI risk estimates 
by turning off all uncertainty and variability and always 
using the default point values. 

The initial stages of our assessment are underway, and 
the key features of our assessment are described in the 
following sections. 

Pollutant Emissions 

The chemicals of concern must be first identified, and 
the emission rate of each chemical must then be character
ized. As a general rule, chemicals will be considered if (1) 
they have been detected in stack testing of the WTI facility 
and other hazardous waste combustors and (2) toxicologi
cal data are available for their evaluation. A preliminary 
list of chemicals includes 49 organic compounds (count
ing all PCDDIPCDF congeners as a single class), 1 2  met
als, and the gases HCl and NOx. For most chemicals of 
concern, we will develop an expected distribution of the 
long-term average emission rate from the WTI facility for 
use in the Monte Carlo assessment. Data to be considered 
include the test results of trial bums conducted at the WTI 
facility and measurements taken at other hazardous waste 
combustors. For some compounds, insufficient informa
tion is available to estimate a meaningful distribution, so 
that only a point estimate of the emission rate will be 
used. 
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Air Dispersion Modeling and Deposition Modeling 

The WTI facility is located on the Ohio River in a 
narrow valley, the walls of which, with respect to the 
surface of the river, are roughly twice the height of the 
stack of the WTI facility and rise rapidly from the val
ley floor. The setting is typical of other valleys in the re
gion in which air stagnation episodes (inversions), which 
can trap pollutants and build-up significant concentrations 
of contaminants, are frequent. The heavy industry of the 
past combined with uncontrolled emissions from cars 
and trucks at times led to severe pollution of air within 
the valleys. One of the worst air pollution catastrophes 
in the twentieth century occurred in 1 948 in Donora, PA, 
which is located south of Pittsburgh on the Monongahela 
River. Consequently, the air dispersion modeling study is 
of critical importance and demands careful consideration. 

Since it serves as an integral step in the evaluation of ev
ery exposure pathway, the importance of the air dispersion 
analysis cannot be understated. However, air dispersion 
modeling is often granted only cursory attention within 
the framework of a mUltipathway risk assessment. This 
mis-match between significance and consideration stems 
from the fact that the methods of air dispersion modeling 
are well-established relative to other aspects of risk assess
ment. Although seldom discussed, there is some degree of 
uncertainty associated with even the most widely accepted 
models. This uncertainty is exacerbated by the valley set
ting of the WTI facility. There are no standard, validated 
models available to predict processes such as wet depo
sition of pollutants, or for estimating impacts beyond the 
first ridge of terrain, which is quickly encountered in the 
narrow Ohio River Valley. In addition, the complex mete
orological factors that influence pollutant transport within 
and out of the valley preclude the straightforward appli
cation of standard models. 

Consequently, hybrid approaches will be developed that 
will combine and modify several existing models. Sev
eral site-specific factors will be addressed by the mod
eling strategy. The limitations of standard complex ter
rain models will be recognized. In-valley meteorology and 
synoptic (regional-out-of-valley) flow conditions will be 
distinguished, including differences in both travel charac
teristics (wind speed, wind direction) and plume disper
sion. The frequency of inversion conditions will be eval
uated and modeled appropriately. Finally, meteorological 
data taken at (or near) the WTI facility will be used in 
an appropriate manner to characterize dispersion at plume 
height, and (if suitable) these data will be supplemented by 
data taken at a nearby facility the Beaver Valley Power 
Station and the Pittsburgh Airport to characterize syn
optic conditions. 

One strategy under consideration involves the use of 
a numerical model (e.g., WyndValley) to estimate pol
lutant dispersion within the valley using local meteoro
logical data. Vertical (upward) fluxes of contaminants will 



be estimated out of top layer of the numerical model, 
which will be set to coincide with the height of the valley. 
These fluxes will then be used to construct virtual emis
sion sources for use in standard gaussian plume models 
and, along with regional meteorological data, to estimate 
pollutant concentrations at locations outside of the valley. 

All three modes of deposition discussed in Section 2.1 
will be modeled. Both wet and dry deposition of particle
bound pollutants will be weighted by a particle size distri
bution measured during stack testing of the WTI facility. 
Wet deposition will consider precipitation patterns mea
sured in the local area. Finally, the uptake of vapor-phase 
chemicals by vegetation will consider vapor-particle par
titioning of pollutants and chemical-specific bioaccumula
tion factors (which are especially relevant to PCDDIPCDF 
congeners). 

Fate and Transport Modeling 

Additional mathematical models will be used to esti
mate pollutant concentrations in soil, water, vegetables 
and crops, beef and dairy products, and fish. As indicated 
in Figure 2, some of these models are interdependent, and 
all depend on the predictions of air dispersion and depo
sition modeling. The literature contains varying degrees 
and qualities of information for these models, and these 
data will be used to construct distributions for as many 
parameters as possible. 

Evaluating Exposures and Doses 

The risks to be assessed are to people presumed to be 
exposed to the chemicals of concern in the various me
dia. People encounter different media, however, and even 
their exposures from similar environments differ. Expo
sures and risks will vary from person to person because 
people are dissimilar in age, recreational habits, occupa
tion, the types of food they eat and where they obtain 
them, and their length of stay in various locations. 

These various parameters (and others) may be evalu
ated for individuals in a popUlation. But there is substantial 
variability among individuals of the population who may 
be exposed, and we cannot identify all the individuals and 
measure the relevant parameters for each one. Instead, we 
will rely on anonymous profiles for "individuals" in the 
population, and choose these profiles to be representative 
or otherwise relevant. Even for individuals with similar 
superficial characteristics, there may nevertheless be sub
stantial variation from one individual to another. 

Evaluating the Potential for Toxic Effects 

For each chemical of concern and for each individual, 
there is a relationship between exposure or dose and prob
ability (risk) of harm to health. The intensity, type, or risk 
of any particular health effect is likely to increase as the 
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exposure or the dose increases - in other words, there is 
a dose-response relationship. With each chemical of con
cern, we associate an exposure or dose that is likely to be 
safe for non-carcinogenic effects, and another parameter 
that measures how likely is any given exposure or dose to 
cause cancer. 

In essentially all cases, however, there is a tremendous 
uncertainty in the estimation of the dose that will cause 
a given effect in any particular individual, and there are 
other uncertainties due to the substantial variability among 
individuals. Even for large populations, there is uncer
tainty in the dose that will cause some effect in some frac
tion of the population, or the number of people that may 
be affected. 

These uncertainties will be considered using the results 
of toxicological studies and employing the standard mod
els used to evaluate the potential for carcinogenic and non
carcinogenic health effects. As a preliminary step, all non
carcinogenic effects will be grouped together; if necessary, 
these effects will be evaluated separately for different toxi
cological endpoints. 

SUMMARY 

MUltipathway risk assessments are commonly per
formed for combustors of hazardous waste and municipal 
solid waste in an attempt to estimate their risks to human 
health. The deterministic methods that are typically em
ployed, however, provide point estimates of risk that are 
difficult, if not impossible, to interpret because of the un
known degree of uncertainty embedded within the assess
ment. Probabilistic methods can provide a much greater 
level of information that can be used to assess ( 1) risks 
to populations, (2) the variability of risks to subpopula
tions, and (3) the level of uncertainty associated with risk 
estimates. We are currently engaged in a probabilistic mul
tipathway risk assessment for the WTI hazardous waste 
combustor in East Liverpool, Ohio. We anticipate that the 
results of our assessment will provide meaningful infor
mation that could not be derived from a deterministic as
sessment, and may suggest changes to the typical methods 
used to perform risk assessments of combustors. 
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