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ABSTRACT

This study devel ops a decision framework for eval uating hazardous
waste standards in ternms of social risks and product benefits. The analy-
sis focuses on cadm um and ashestos as exanpl es of |and waste di sposal
problens, but it also estimates waste quantities in air and water. Effects
of uncertainties in the individual estimates on overall confidence limts,
resultant decision criteria, and research needs are eval uated. The
approach enconpasses the full chain of variables |eading to decision
criteria, including (1) wastes escaping into the various nedia from each
step in the hazardous material flow process, including extraction, refining
manuf acturing, use, and disposal; (2) cost and effectiveness of alternative
waste control neasures; (3) their economc, enploynment, and bal ance- of -
trade effects; (4) environmental dispersion nmechanisns; (5) hunan expo-
sures, dose-damage rel ationships, and resultant nortalities; (6) risk/
benefit relationships; and (7) equity distribution, social acceptance, and
other independent criteria. An extensive bibliography is included. This
report was submitted in fulfillment of Contract 68-01-2915 by Stanford
Research Institute under sponsorship of the U S. Environmental Protection
Agency. Work was conpleted in Septenber 1975
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Chapter 1

| NTRCDUCTI ON - AND  CONCLUSI ONS

Backgr ound

Surveys conducted by EPA indicate that approximately 10 million tons
of nonradi oactive hazardous wastes are produced in the United States each
year. This quantity has been increasing at a 5 to 10 percent annual rate
but federal, state, and | ocal regulations on the control and disposal of
these pollutants are either permissive or entirely lacking. [If the trend
continues, the populace will sooner or later be exposed to undesirably
high levels of these pollutants

O particular concern is the problem of disposal. Land is being
used nmore frequently as air and water pollution controls becone nore
stringent and hence restrict the alternative media that may receive waste
di scharges. However, very few standards have yet been established for
| and disposal of hazardous wastes; those that have been established are
based upon inconplete risk and cost estimates. The true costs and risks
of land disposal can only be estimated in the larger context of exposures

fromall sources, but this context is still highly uncertain.

W despread, |owlevel risks to health cannot be clearly assessed by
determnistic nethods of relating pollutant exposure levels to resultant

synptons and illnesses. Probabilistic approaches are needed. Yet, only
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limted data are avail abl e on physiol ogi cal responses to high dose |evels
of hazardous materials. Even |ess data exist on damage to health at |ow
exposure levels. Sinilarly, sinple assessments of the direct costs of
control measures are clearly inadequate for assessing the full costs of

i mposing controls. Indirect costs inposed upon both consuners and pro-
ducers by changes in the public's "wllingness to pay" for products
generating the wastes need to be considered. Overall limts to the pub-
lic's willingness to accept social risk may inpose independent constraints

on the feasible standards.

For these conditions of information deficiency, a risk-benefit analy-
sis of probable l|osses and benefits seems nost appropriate. Probabilistic
estimates of dose levels that may cause injury need to be defined and
bal anced agai nst conprehensive estimtes of the economc costs of re-
ducing or controlling hazardous wastes. Furthermore, a decision-theoretic
framework is needed to relate the risk-benefit analysis to the degree of
reliability of the input information. Acceptable risk levels may well
depend upon the reliability as well as the absol ute magnitude of the risk
and benefit estinmates. Finally, the decision-making process by which
soci ety attaches econom c values to risks, benefits, and information re-
liability should be studied so that trade-offs derived by theoretica

met hods can serve as realistic guides for the disposal of hazardous wastes.

(bj ecti ves

The purpose of this research project, as stated in the contract, is
to devel op "an applied decision-naking framework to assess the reliability
of environnental standards on hazardous wastes disposal." The scope of

work enconpasses a six-step effort:

(1) Review the relevant |iterature to determne the state of
the art on economc risk-benefit analysis (see Bibliog-

raphy).
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(2) Develop a decision-naking structure to trace the flow of
information required to set environmental standards for
hazardous waste disposal (see "Approach” in this chapter)

(3) Assess the reliability of decisions about standards in
terms of the reliability of the input information (see
Chapter 8).

(4) Translate the quantitative information on risks and
benefits, wherever possible, into estimtes of economc
impacts on social welfare (see Chapter 5).

(5 Apply the nethods devel oped to case studies of alterna-
tive control prograns for asbestos and cadm um waste
di sposal (exanples are given in all the chapters below).

(6) Establish a list of research priorities for conpiling in-
formation that is found to be crucial to the inprovenent
of decision-making standards (see Chapter 9).

Appr oach

Answers to the questions posed in the above objectives have been de-
rived here by a multidisciplinary analysis to exanmine (1) the anounts of
em ssions and non-health econom ¢ benefits frompolluting industria
activities, (2) the risks to human health posed by those emi ssions, (3)
the changes in risks and benefits caused by alternative control or sub-
stitution nmeasures, (4) the ratios of risks to benefits for the alterna-
tives and the degree of uncertainty in the risk-benefit estimates, and
(5) the effects of these ratios and uncertainties, together with other
constraints on the problem on the environmental standards and informa-
tion needs to be decided by EPA. A logic diagram for these steps is

shown in Figure 1-1.

Concl usi ons

Findings of this study can be logically organized into three genera

categories:
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PAST, PRESENT &
PROPOSED STANDARDS

Ch.2
t !
POLLUTION FROM ~ ALTERNATIVE CONTROL
INDUSTRIAL. ACTIVITIES COSTS & EFFECTIVENESS
Ch.3 Ch.4

EXPOSURE TO
HAZARDOUS WASTES

Ch.6

_ NET ECONOMIC BENEFITS
Ch.5

RISKS TO HEALTH
Ch.7

COMBINING RISK,
BENEFIT, AND OTHER
CONSIDERATIONS
Ch.8

¥

DETERMINING ACCEPTABLE
RISKS AND ASSOCIATED

RESEARCH NEEDS
Ch.9

FIGURE 1-1. ANALYTICAL STEPS FOR DETERMINING ENVIRONMENTAL
STANDARDS AND INFORMATION NEEDS
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(1) The nethods devel oped in our work that appear nost
suitable for a franework to assess environmental risk
st andar ds.

(2) Results of applying these nmethods to exanple case studies
of alternative control prograns for ashestos and cadm um
wast e disposal .

(3) Data from nmonitoring, research, and other activities that
are needed to serve as inputs to the recomrended nethods.
Concl usi ons concerning each of these categories from throughout the re-
port are summarized below, together with references to the chapters con-

taining their analytical derivations.

Met hods for Deternining Acceptabl e R sks

A "nultiple criteria" methodol ogy is suggested here for the quanti-
tative analysis of acceptable risks to life and health from hazardous
wastes. In this method, nultiple criteria are incorporated in a nodified
ri sk-benefit nodel to generate and display to the decision-maker a feasible
operating domain for environmental controls (see Chapter 8). If alterna-
tive control programs under consideration are found to be feasible ac-
cording to the nultiple criteria, they can be ranked and chosen by one

of many quantitative decision procedures (see Chapter 9).

Thi s nethodol ogy goes beyond conventional standard setting and
program sel ection by quantifying and including a wder assortment of the
decision factors involved, by formally considering uncertainties in the
estimates of each factor, and by orienting the analysis toward presenta-
tion for final consideration and choice by the decision-maker rather than
toward derivation of an "optinunt programmed solution. The nethodol ogy
is founded on the axions that there probably is no unequivocally optimm
solution (see Chapter 9) and that, in any event, the responsible decision-
maker must make the final choice (see Chapter 8). Consideration of un-

certainties, however, is one aspect where formal analysis can assist the
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deci sion-maker in handling interrelated random variables (Chapters 4 and
8). Inclusion of as many relevant criteria as possible in the forna
met hodol ogy al so can hel p the decision-maker reach better decisions;
existing standards criteria such as "maxi num permssible tolerance,"”
"best feasible technology," and "cost/benefit" all suffer in application

fromtheir sinplistic assunptions (see Chapter 2).

In outline, the advocated approach starts with an exam nation of
existing standards (Chapter 2) and contamnation sources (Chapter 3).
These serve to describe the status quo situation agai nst which action
alternatives must be measured. The nethod then exam nes the costs of
alternative control prograns and their effectiveness in reduci ng hazardous
waste emssions (Chapter 4). These data are applied in an econonic analy-
sis (Chapter 5) and in successive calculations of human exposures (Chapter
6) and resultant health effects (Chapter 7). The resultant risk and bene-
fit estimates for each alternative control are conpared with each other
and with other decision considerations to determne whether the alterna-
tive appears feasible (Chapter 8). If it does, further analyses are car-
ried out to rank its desirability against other alternatives and to as-

sess information needs that may help to resolve relevant issues (Chapter 9)

Per haps the nost demandi ng aspect of the nethod is in obtaining an
estimate of the risk to health, and its uncertainty range. Flow processes
and vol unmes of the contamnating waste are difficult to obtain; we found
It necessary to carry out detailed material balance studies for the wastes
we studied (see Chapter 3). Also, such relevant processes as wind dis-
persion and resuspension, intermedia exchange, environnental buil dup,
and population mobility each require quantitative subnodels (see Chapters
6 and 7). Diverse as, these factors are, we found that they could be
|inked together to obtain overall risk estimates. R sk to health can be
adequately neasured in terns of excess nortality, the value of which is

best expressed by "revealed preference" (Chapter 7).
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Benefit estimation requires sophisticated econom c techniques to
eval uate supply and demand curves in deriving changes of such neasures
as consumer surplus, profits, enploynent with and wthout |ocal multi-
plier effects, gross national product, and balance of trade (Chapter 5).
Qur conclusions fromthese studies were that the nmost general measure of
national economc effects was that relating to gross national product;
while the best measure of imediate |ocal effects in the producing areas
was one show ng enployment changes, with appropriate multipliers to re-
flect inpacts on the wider |ocal econony. Unavailability of existing
estimates of some benefits unexpectedly forced us to generate new sub-
model s; for exanple, we found it necessary to derive a rough val ue of
10 percent of annualized control costs as the estimated add-on cost for

government program enforcenent and admnistration (Chapter 4).

In addition to risk and benefit, some of the nultiple criteria that
can be quantitatively considered in the analysis are (1) maxinum accept-
abl e econom ¢ costs and governnent budgets for the program-both short
termand long term (2) maxinmum acceptable social risks--also both short
and long term (3) mninum reducible risk, (4) valuation of human life,
(5) risk aversion, and (6) distribution of risks and benefits anmong dif-
ferent groups (geographic, economc, ethnic, or generational) in the af-

fected population (see Chapter 8).

Preferences anong feasible alternatives can be ranked according to
several decision neasures, including mninmum risk, maxi num benefit,
maxi num benefit/risk ratio, maxinumratio of change in benefit/change in
ri sk, maxi num nonetary value of benefit less risk, and maxi mum proba-
bility of neeting all constraints. For each neasure, various criterion
scal es can be used, such as probability density, expected value, optimsm
pessimsm and regret (see Chapter 9). The decision-naker hinself may
be expected to use various heuristic procedures in selection that our

presentation nmethod has been designed to accommodate. These procedures
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include pursuit of "satisficing" objectives (satisfying a nunber of in-
dependent criteria instead of optimzing one), preference for "incremental”
alternatives (small changes fromthe status quo), and reliance on infor-

mation feedback to perfect the original choice (also in Chapter 9).

Results of Studies of Exanpl e Hazards

Four exanple controls--two for cadmum and two for asbestos--were
exam ned by the recommended nethodol ogy. Al though results indicate that
none of the four would be justified, we do not conclude that these controls,
much less controls in general, are necessarily undesirable in a broader
context. Sonme of the controls will reduce contam nants besides those
anal yzed here. Qher reasons for this seem ngly paradoxical conclusion
are explained in the next section of this chapter. Nevertheless, wthin
the scope of our model we found all four controls to be severely de-
ficient froma cost-effectiveness standpoint. The best of the four--the
zinc snelter scrubber for control of cadm um em ssions--was roughly a
factor of 10 below the effectiveness needed to justify its costs in
terms of a noderate valuation of human life. The other three controls
were 3 or nore orders of magnitude (factors of 1,000 or nore) bel ow de-

sired efficiencies, (see Chapter 8).

The smel ter scrubber would ook nmore justifiable if its calcul ated
risk reduction included the effects of other contam nants such as arsenic;
but the effects of cadm um al one were mnimal except very near the source
of airborne contamnation. (bserved statistical correlations of cadm um
air concentrations with urban death rates, a major reason for the current
concern over cadmum appear fromour analysis to be at |east partly a
spurious artifact of the data, rather than a true cause-effect relation-
ship (see Chapter 7). Aso, the full effects of cadm um contam nation
are not reached until After 50 years of cunul ative body buil dup, but
our popul ation nobility nodel indicates that |ess than 2 percent of the
| ocal population will stay in a highly contam nated comunity for that
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length of time (see Chapter 7). Because of these limtations, our node
generated a national annual life saving of 5 years each by only 33 people
in the smelter areas--a total of 166 person-years per year (Chapter 7).
Reveal ed preference valuations of human |ife based on risk prem ums
charged in the [abor market are about $300,000, so this saving woul d
total in the order of $1.5 nillion (see Chapter 8). The saving had to
be wei ghed against a loss of $14 mllion per year in local industry and
support service wages in snelter areas. Nationally, the loss would be
about $21 million in G\P. Only abou one-fourth of this loss would be
passed on to the consuner if no inport restrictions were inposed, because
foreign conpetition would hold down price increases. (This finding differs
greatly from the 90 percent pass-on percentage of control costs assunmed

in another recent study for EPA--see Chapter 5.)

A much nore unfavorable risk-benefit ratio could be shown for the
other cadm um control -- scrubbers on municipal incinerators. Because
muni ci pal incinerators account for only a small part of incinerated
waste, the nunmber of l|ives saved are nuch |lower: one-tenth person-year
per year. But the national costs to install scrubbers on the nunerous

muni ci pal incinerators would be even higher: $28 nmillion per year.

Finally, the two ashestos alternative controls--filters on asbestos
manuf act uring exhausts and substitute materials to replace asbestos in
aut onobi | e brakes--showed negligible risk reductions. The original air
concentrations of asbestos fromthese sources, even around the production
facilities or near busy streets, were too low to be dangerous (Chapter 7).
(Handl'ing of asbestos in the working place or elsewhere was not considered.)
Yet the costs, which would be primarily passed on to consuners, were sub-
stantial because of the widely dispersed sources. Costs for controlling
asbestos production facilities would be only about $3 nillion per year,
but replacing ashestos brakes with a hypothetical replacement materia
could cost $65 nillion per year (see Chapter 5).
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Uncertainties were large for all of the alternatives, but not |arge
enough to change the conclusions about any of them (Chapter 8). What
concei vably coul d change the concl usions are unknown and exogenous factors,
such as undi scovered hazards or substitute materials, that were not con-

sidered in the nodel

Monitoring and Research Data Needs

Many data el enents were either assumed subjectively or adopted on
the basis of very tentative evidence for this study, which is intended
primarily to denonstrate a nethodol ogy rather than to provide authorita-
tive conclusions about technical issues. These data elenents can be
greatly inproved by successive iterations. In addition to broadening
the nmodel to include the effects of controls on additional hazardous
wastes, as mentioned earlier, several types of feedback and data refine-
nments are needed. As EPA and ot her agencies have discovered, reviews by
techni cal experts acting in adversary capacities will quickly elucidate
the range of inforned opinion on any subject and will correct initia
errors in analysis. Iterations of the analysis will help to resolve con-
flicting uncertainties, assunptions, and constraints in the fornulation.
Eventual Iy they will lead to discovery and inclusion of originally un-
known factors such as long-term and ecol ogi cal effects, which have been

i gnored here.

Any of these prospects could conceivably nodify our anal ysis enough
to change our original conclusions; we expect that a pattern of successive
refinement is characteristic of any dynam c standards devel opnent process.
Beyond this evolutionary process of technical know edge devel opment, how
ever, nore revolutionary inprovenents can be realized by considering
information for environnental standards as elements in a know edge system

that nust parallel the physical processes involved in contam nation (see
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Chapter 2). Data in much of the existing literature are not conplete

enough to be useful for the larger analytical purposes of such a system

For exanple, em ssions may be given in pounds per mnute w thout
i ndi cating how many m nutes per day or days per year the em ssions con-
tinue, thus precluding any authoritative estimte of the nost neaningful
parameter: annual rates. O, health effects experinments may be reported
in ternms of nedian lethal dose for rats, wthout (1) providing any clue
of a reasonable transfer function to obtain the relevant variable of human
deaths, or (2) supplying data for other dose levels that mght permt
estimation of a conplete dose-damage function. Wthout a conplete dose-
damage function, there is no way to estimate the value of a threshold
dose. Wthout a reasonable threshold dose estimate, there is no |ogica

basis for pronulgating maximum permssible dose standards

Standard setting as well as information gathering can gain froma
systematic approach. Al of the standards in the system whether of
production rates, usage, em ssions, media concentrations, personne
exposures, or actual ingestion should be related to each other in a
systematic way that reflects the flow processes involved. This kind of
standards integration does not presently exist for either cadm um or

asbestos (see Chapter 2).

If this kind of flow process and its uncertainties can be defined
quantitatively, then it will be possible to determne the ultimte val ue
(but not necessarily the practical value) of research on any conponent
or stage of the process. This can be done by cal culating the "expected
value of perfect information" and conparing it to the value of other
research efforts or to the expected value of inplenenting a contro
program In this way, the relative potential payoff of research efforts
can be estimated as an aid to research planning and to deciding whether
programinplementation or further study would be nost desirable (see
Chapter 9).

1-11



Finally, we have exam ned a | arge number of source materials in
the course of this study (see Bibliography) and have nmade sone concl u-
sions about current technical data needs. W found that hazardous waste
research studies generally give inadequate attention to the anal ysis of
uncertainty, and to generalizing their results for policy applications
Concerning cadmum better data are particularly needed on the industrial
processes involved and their wastages, on dispersion patterns into food
and water, and on |ong-term mechanisns of biological uptake. Asbestos
research is especially needed to find nore uniform standards, better
concepts of contam nation nechani sms, and nore accurate estinates of

cunul ative dose histories (see Chapter 9).

1-12



Chapter 2

PAST, PRESENT, AND PROPCSED STANDARDS

To be conplete, a study of methods for determning acceptable risks
from hazardous wastes should start with existing prem ses and precedents
Accordingly, in this chapter we review the functions of standards and
trace the devel opment of these standards as they have evolved over tine.
Finally, a methodology is proposed for setting standards, followed by a
description of how the nmethodology will be applied in subsequent chapters

of this report

Standards from a Systens Viewpoint

Wien the process of hazardous waste production and pollution is

viewed as a man-nade system its contamnant |evels can be considered

as parameters to be controlled. Standards can then be seen as perfor-
mance goals for controlling the contam nant parameters. Each standard
represents a value that can be conpared to a physical measure. These
system concepts are illustrated in Figure 2-1, which shows several types
of physical measures that can be bal anced against a conparison standard
to obtain a control signal. It also shows that the control signal serves
as an input to influence either the contamnating activity itself or sone

other conponent of the |arger system

For precision, the best conparison signal is one furthest "downstrean
(for exanple, absorption levels in Figure 2-1), since that gives the nost
accurate measure of the overall contamnation problem  However, the down-
stream feedback signal also tends to be the slowest and sonetines the
most erratic, so that error signals from further upstream in the process

al so can be hel pful
2-1



[

PRODUCTION USAGE
STANDARDS STANDARDS

nYS a1 8ot e8]

EMISSION

IANLANVS

AMBIENT
STANDARDS

EXPOSURE

. STANDARDS

ABSORPTION
STANDARDS

CONTAMINANT—L-.-,'
RS R

SOURCE G

y ~

CONTAMINATING b
ACTIVITY

A

|
A
|

DISPERSAL
MEDIUM

PEOPLE
AT RISK

MONITORING AND CONTROL ORGANIZATION

SOURCE: SRI

FIGURE 2-1. STANDARDS, MONITORING, CONTROLS, AND CONTAMINANT FLOW
IN THE HAZARDOUS WASTE SYSTEM




The complexity of the conparison standard represents another dinen-
sion of control. Standards can vary fromcrude rules of thunb to highly
sophi sticated, dynamcally changing values. In roughly increasing order
of conplexity, environnental standards can be categorized according to

the followng types of criteria

Zero Tol erance--An absol ute ban on any observabl e anount of con-

tam nation. Wiile sinple and easily interpreted, this type of standard
is often inpractical to enforce if nonitoring nmeasurenents are sensitive
enough to detect low levels. Oherw se, zero tolerance will usually pre-

clude any significant use of the hazardous material.l

Perm ssible Limts Established on the Basis of Health Effects--If

health effects are used to determne tolerance, they can be categorized

according to the type of evidence on which they are based.?

Acute effects--quickly noticeable clinical evidence in man.

Chronic effects--clinical evidence that becomes noticeabl e
only after a cumul ative exposure or after a |engthy del ay
period

I ndirect evidence--epidenmological evidence from statis-
tical experience with a meaningfully large population.

Laboratory evidence--animal (in vivo) and cell culture (in
vitro) effects.

In all of these cases, the standards are usually established relative to
some "threshol d exposure that represents the | owest noticeable |evel at

which injuries occur. The threshold |evels (where they can be observed)

*"permissible Level s of Qccupational Exposure to Airborne Toxic Sub-
stances,” Wrld Health Organization, Technical Report Series No. 415,
Sixth Report of the Joint ILOWHO Commttee on Cccupational Health

. (1969).

T. F. Hatch, "Criteria for Hazardous Exposure Limts," Arch. Environ
Health, Vol. 27, pp. 231-5 (Cctober 1973).
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are higher for acute than for chronic effects, and higher for chronic than
for indirect effects; so standards set on chronic and indirect effects
usual Iy incorporate safety factors to allow for these differences. But
great variations can exist; even for the sane effect, the standard can
vary by a factor of 10 or nore, depending upon whether or not honeostatic

adj ustments that conpensate for effects are considered permssible.

If there is no | ower dosage limt to injuries (i.e., if no threshold
I's observable), then a standard based only on health effects is not very
| ogical, since no one can say at what |evel (except zero) the health ef-
fects beconme insignificant. Even with a threshold a health standard, |ike
a zero tolerance standard, gives no consideration to the economc or other
difficulties involved in achieving the specified contamnation |evel

Process Specifications--Procedural or process conditions inposed on

contam nation controls can forma standard based on opposite considera-
tions; i.e., one dictated by the economc and other difficulties involved
without explicit consideration of the health hazards involved. This type
is equivalent to a "best technology" standard (sometinmes qualified by
words such as "practicable" or "feasible") in which technical considera-
tions domnate. As a tenporary start-up standard or where the actual

heal th hazards are very uncertain or indetermnate, this criterion can be
a logical one; but where reasonable health effects data are available,
some neans of balancing health effects against control technology seens a

nmuch nore rational approach.

Ri sk-Benefit--A standard based on the ratio of the health and safety

risks to the economc and other non-health benefits provided by the con-
tamnating activity. This ratio does balance the health and econom c
effects of any control alternative, and accordingly it has recently been

viewed as a promsing nethod of standard setting. It can be established
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either in conmon noney ternms, or in two dinensions (e.g., health and
econonmic). But either way, it is expressed in quantitative terms repre-
senting some kind of tradeoff between health effects and economc effects
of the standard. It does not reflect possible inequities in who gets
which effects, nor does it consider other potential influences such as

public acceptability.

Mil tiple Criteria--A conmbination of criteria to approximate the

conpl ex bal ance anong heal th, economc, political, and denographic con-
siderations that actually exist in real-life standard-setting situations
Al of these considerations are needed to achieve a durable and accept -
able standard. To date, there have been few, if any, fornal attenpts to
design and inplement a multiple criteria standard, but the present report
outlines a nethodology that can be applied to such an effort. Qur approach
to the problem is to include conventional risk-benefit criteria nodified
by other economc factors such as effects on consumer and producer sur-
pluses, substitution possibilities, joint effects of controls and en-
forcement costs. Qher criteria to be introduced include nmaxi mum socially
acceptable risk levels, distinctions in risk-benefit trade-offs between
producing and consumng areas, and effects of uncertainties in both costs

and benefits on the overall decision problem

Wat ever standards are devel oped for a contam nation system feed-
back fromthe conparisons of standards with neasured conditions must be
i npl emented by neans of controls upon one or nore of the conponents of
the system Figure 2-1 shows schematically how nmonitored signals m ght
be used to control the contamnant flow at any point in the system How
ever, the exact mechani smby which these controls would operate is not
described. In the case of environnental standards, the controls can
operate through three conpliance mechanisns: (1) voluntary cooperation,

(2) regulatory controls, or (3) economc forces. Analyses of the
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ef fectiveness of these various nechani sms become quite involved. This
conpl i ance conmponent of the waste contam nation systemis outside the

scope of the present study and will not be addressed here.

The Devel opnent of Present Standards

Safety standards in the use of hazardous naterials follow a typica
pattern of development. Initially, new materials and new uses of old
materials tend to be discovered and exploited w thout much regard for
their safety or health hazards. Exanples of this phase are the early
uses of |ead (which lasted hundreds of years before its health dangers
were recogni zed) and of radium (which lasted only a few decades before
strict restrictions were inposed). Eventually, even primtive cultures
usual ly learn by trial and error to deal with the hazards of a given
material. Society devel ops what are often quite rigid control neasures
in the formof regulations, folk w sdom or taboos to protect itself

agai nst the nost obvious hazards of contam nants
Wth the rise of the scientific spirit, safety standards have be-

come somewhat nore quantitative and cause-effect related. Standards
are set on the basis of explicit, objective criteria for clearly recog-
ni zed causes. These tendencies becane institutionalized by the rise

of public health organizations about a hundred years ago and have |ed
to a continuous rapid drop in the incidence of such hazards as |ead and
zinc poisoning. However, many of the initial standards were nerely

advisory or permssive, or if mandatory they were often not fully enforced.

In a third phase, authorities have recently tended to set stricter
standards as they have become nore aware of the need for caution due to
chronic and indirect effects. Generally, additional adverse effects have
been discovered by intensive epidem ol ogical studies, both clinical and

experimental, such as those carried out on the hazards of tobacco. These
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studies and the resultant better know edge of biol ogical effects were
maj or causes of popular pressures in the United States for stricter en-
vironnental and occupational health standards, |eading to such recent
statutes as the Solid Waste Disposal Act of 1965, Resource Recovery Act
of 1970, Cean Air Act of 1970, Water Pollution Control Act of 1972
National Environnmental Policy Act of 1969, and Cccupational Safety and
Heal th Act of 1970.

Exanpl e:  Cadmi um - Cadm um represents an interesting exanple of the

standards devel opment process because its entire industrial experience

has occurred during relatively recent history. Cadm um was only dis-
covered in 1817 and the first recorded incident of cadm um poisoning
occurred in 1858.% |Its high toxicity provided extensive nedical docu-
nmentation of the acute effects--encountered from air, water, and food
ingestion--in industrial and other exposure cases and led to the banning
of cadmumin certain applications, such as in cooking and eating utensils.
However, its role in chronic poisoning was not widely recognized until an
epidemic of itai-itai (ouch-ouch) disease, wth kidney and bone synptons

of proteinurea, osteomalacia, and osteoporosis, was documented in Japan.
The cause was eventually traced to mne dunping beginning about 1924 in

a river being used as a supply for drinking water and rice irrigation
Synptoms anong |ocal inhabitants began to be noticed about 1935, and al nost
100 deaths attributable to the disease had occurred by 1965. Yet its en-
dem c nature was not recognized until 1955, and at least two false |eads
(nutritional deficiencies and zinc poisoning) were followed until cadm um
was identified as the probable poison in 1961. Legal responsibility for

the contam nation was not determned until 1971. Further investigations

3W. Ful kerson et al., "Cadmium-the Dissipated El enent," ORNL NSF-EP-21,
supported by the National Science Foundation RANN Program Oak Ridge
National Laboratory, Cak Ridge, Tennessee.
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near other zinc mnes in Japan found at |east one additional |ocality
where deaths and disabilities fromitai-itai disease had previously been

unrecogni zed (Ful kerson, Chapter VI-C).

On the basis of an estimated m ni mumingestion of 600 m crograns of
cadm um per day for itai-itai disease sufferers (ten tines normal), the
Japanese Mnistry of Health established a maxi mum acceptabl e i ngestion
| evel of 300 micrograns per day fromfood and drink. Mre recently, the
Wr | d Heal t h Organization®* has recommended a "provisional tolerable weekly
i ntake" of 400 to 500 mcrograms, about 60 micrograms per day. |Inhalation
through the air is almost negligible conpared to food and water ingestion,

except for heavy snokers and workers in certain industrial installations.

It is interesting to note that these standards apply to the very |ast
of the types of measurable systemoutputs that are shown in Figure 2-1
(absorption). To regulate contamnation efficiently, additional standards
are needed for other nore directly controlled outputs that occur upstream
in the flow process, such as levels of exposure, concentrations, em ssions,
usage, or production. For exanple, absorption m ght best be controlled by
limting total anounts eaten in food, the dom nant contributor to cadm um
ingestion, or by controlling the maxi numconcentrations allowed in food
substances. Food at present has no standard either for maxi num cadm um

exposures or for maxi num cadm um concentrations.

“v"Evaluation of Certain Food Additives and the Contaminants Mercury,
Lead, and Cadmum" Sixteenth Report of The Joint FAQ WHO Expert Com
mttee on Food Additives, Ceneva, 4-12 April 1972, Wrld Health O gan-
I zation Technical Report Series, No. 505, FAO Nutrition Meetings Report
Series, No. 51 (1972).
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Water and air al so have no media standards that apply to tota
exposure by individuals. However, both have concentration standards
Drinking water has a tentative Wrld Health Organization®.cadmium con-
centration linmt of 0.005 ng/1 and a U.S. 1imit® of 0.01 ny/1. Air is
limted under U S. occupational health regulations to concentrations of

0.1 pg/m3 cadm um fune (0.2 ug/m3 cadm um dust) for an 8-hour work shift.”

Em ssion standards have been established for water but not yet for air.
Proposed cadmum effluent limts for streams or |akes of hardness |ess
than 100 ng/1 CaCO5 are a maxi num concentration of 70 ug/l, a maxi num
wei ght of 0.035 kg/day times the receiving water design flowin m3/sec,
and a maxi mum cadm um discharge per facility of 9.8 kg/day where nore
than one facility is discharging. For freshwater bodies of water hardness
greater than 100 ng/1 CaCO4, and for estuary and coastal waters, the
limts progressively rise.® For ocean dunping, waste concentration linits
have been set at not nore than one order of magnitude higher than the

| ocal cadmi um content of actual seawater.®

No standards have been set to control the usage of cadm um except
that the FDA bans cadm umcontaining naterials for use in food prepara-
tion and food packaging (Ful kerson, 1973, p. 351).

®S. Hernberg, "Health Hazards of Persistent Substances in \Water," WHO

Chronicle, Vol. 27, No. 5 Wrld Health O ganization, GCeneva, pp. 192-3
(May 1973).

&"Interim Primary Drinking Water Standards," Environnental Protection
Agency, Federal Register, Vol. 40, No. 51, Part Il, pp. 11990-98
(14 March 1975).

7"Occupational Safety and Health Standards,"” Cccupational Safety and
Health Adm nistration, Federal Register, Vol. 37, No. 202, Part II,
pp. 22102-22356 (18 Cctober 1972).

®Toxic Materials News (15 January 1975).

®"Ocean Dunpi ng," U.S. Environmental Protection Agency, Federal Register,
Vol . 38, No. 94, pp. 12872-7 (16 May 1973).
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Fromthe control systens standpoint of Figure 2-1, then, present
cadm um standards are seen to be either of the zero-tol erance (food-
touching materials) or permssible-limt (e.g., air and drinking water)
categories. Standards based on cost-benefit or nultiple-criteria approaches
are notable by their absence. The relationships between standards, nonitor-
ing, and control do not seemto be very systematic or conprehensive.  Sev-
eral potential nonitoring points (e.g., cadmum production) have no present
standards, and the means of control for other standards (e.g., food) are

not at all clear.

Exanple:  Ashestos --Ashestos presents a history of standards devel op-

nment simlar to that of cadmum even though it has been used as a novelty
inlanp wicks and even tablecloths since antiquity.*® The first recorded
case of a disease related to asbestos fibers was in 1907, but the synptons
of asbestosis were not determned until 1927, and the hazards of |ung
cancer frominhalation of ashestos were not established until 1947. The
first definitive epidemological study of the effect of asbhestos was only

undertaken in the early 1960s by Selikoff and his colleagues.t?

Devel opment of standards for asbestos have been further del ayed by
difficulties in counting submcron size fibers. One nanogram may repre-
sent a mllion fibers. In sprayable insulation formulations, asbestos
fibers can only be reliably counted by electron mcroscope techniques

costing $300 per sample.*® Air sanpling by this technique costs even nore.

*©3.S. Horvitz, "Asbestos and Its Environnental [mpact,” Environ. Affairs,
Vol. 3, No. 1, pp. 145-65 (1974).

12A. K. Ahned, D. F. MacLeod, and J. Carnody, "Control for Asbestos,"
Environnent, Vol. 14, No. 10, pp. 16-22 (Decenber 1972).

12uBackground | nformation on the Devel opment of National Enission Stan-
dards for Hazardous Air Pollutants: Asbestos, Beryllium and Mercury,"
APTD- 1503, Office of Air and Water Prograns, U S. Environnental Protec-
tion Agency, p. 34 (March 1973).
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In 1946, the first U S standard established a concentration threshold
limt value equivalent to 30 visible particles per mlliliter in the air
of working spaces. This occupational standard was reduced to 12 fibers
of greater than 5 mcron length per milliliter in 1968, to 5 in 1971, and
to 2 effective in 1976.** However, the visual methods currently used to
count asbestos concentrations account for less than 5 percent of tota
fibers, and no one knows whether the visually identifiable fibers are any
nmore significant to health effects than the snaller fibers (Ref. 12,
p. 24)

Because of these monitoring difficulties, many responsible agencies
have begun by regulating inputs to the contamnating activity (i.e.,
production and usage of the contam nant) rather than outputs (em ssions,
concentrations, and the like). Several local and state jurisdictions
such as New York, Boston, Philadelphia, and the State of Illinois, have
issued regulations restricting and controlling the usage of asbhestos in
specific construction operations. EPA has continued this approach in
its regulations over manufacturing and extraction point sources, as in
the Reserve Mning case. \ere appropriate in the case of air pollution

it has applied a nonquantitative "no visible em ssions" requirement.

General ly, then, we can characterize the enphasis in ashestos con-
trols to be nore input-oriented than output-oriented, and nore concerned
with qualitative than with quantitative criteria. My potential observa-
tion points in the "hazardous waste system’ shown in Figure 2-1 are not
nonitored, and few of those that are nonitored seem designed to give very
preci se, conprehensive, or reliable assessnents of the true hazards from
ashestos. As is the case with cadmum no current asbestos controls even
attenpt to regulate on the basis of cost-benefit or multiple-criteria

model s
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A Proposed Methodol ogy for Future Standards

The foregoing exanmples point directly to ways by which future
standard-setting can be inproved. Consideration of the flow of hazardous

wastes as a man-made system can make standards:

(1) More systenatic--Individual controls and nonitoring points
need to be considered as parts of the entire system shown

in Figure 2-1 rather than as entities unto thenselves. I|f

the bal ance between controls is not considered, some wll

domnate the material flow and form artificial bottlenecks.

(2) More conprehensive--The systems perspective shows how addi -
tional controls can be used to inprove the overall response

of the system and how negl ected control points mght be
highlighted by careful analysis. At the sane time, inter-
active systems effects will permt overall control to be

exerted wi thout having nonitors or controls at every

poi nt .

(3) More reliable--Mnitoring information can al so be used

to verify information from other conponents in the system
and controls over one conponent can reinforce the effects

of controls over another.

(4) More precise--Coordinated use of controls can provide a

precision inpossible with individual controls. This
preci sion can be designed by naking use of the feedback

relationships anong the system conponents and controls.

(5) Mre adaptive--The use of nore sophisticated control stan-

dards, such as nultiple criteria nmodels, wll permt the

systemto (1) reach a better balance between social objec-

tives, (2) to remain nore consistently in a self-regul ated

state without outside policy interference, and (3) to
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address nore effectively many of the types of policy
criticisnms that have been directed at present and past

envi ronnmental st andards.

The standard-setting nethodol ogy by which hazardous waste systens
can be better controlled must be based on multiple criteria, which are
described in the subsequent parts of this report. Once standards are
set in a systematic manner, nonitoring and control procedures can be

designed for effective and equitable control over the entire system
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Chapter 3

POLLUTI ON FROM | NDUSTRI AL ACTI VI TI ES

General Met hodol ogy

Backgr ound

A great deal of literature has been generated over the years describ-
ing production, use, and disposal of hazardous materials. However, the
bulk of this literature concerns mcro-scale experinments and specialized
data-gathering efforts. In terms of the larger risk and benefit objec-
tives of this project, not enough past efforts deal with the macro-|evel
probl ens associated with disposition of hazardous wastes. For exanpl e,
very few previous studies have attenpted to quantify the mass bal ance
characteristics of production, use, and disposal processes, and few have

exam ned the major |arge-scale mechanisns of waste dispersion over the

country.

bj ectives and Scope

The objectives of this chapter are to describe and quantitatively
assess the emssions of designated hazardous materials into the environ-
ment, and to associate these enmissions with specific economc activities.
The magnitudes of these em ssions should also be related to the natura

occurrence of hazardous materials in the environment.

The coverage shoul d include em ssions of hazardous by-products from
the production or use of other materials, as well as directly from nate-
rials that are thenselves produced and used in the econony. The najor

focus of interest is the United States and individual regions, states,
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and localities within the United States, but other countries and the

world as a whole will be considered when needed

Met hod of Analysis

The approach used in this portion of the analysis consists of the

foll owi ng steps:

(1)

(2)

Descri be the various uses of the hazardous materia
in the US. econony.

Qutline the quantities and facilities associated with
the flow of the material through its various processing
stages, such as extraction and refining, production,
use, and eventual disposal.

Assess the nature and amounts of emissions to the
environnent at each stage

Describe other controllable sources of human exposure
to the hazardous material, such as its occurrence as
a by-product, inpurity, or waste in the production
and use of other materials.

Qutline the quantities of economc flow or natura
appearance of these indirect sources of the material.

Assess the nature and anounts of emissions to the
environment from these secondary sources

Sumthe total of all forms of enmissions to the environ-
ment by nmedium (air, land, water) and by |ocation.
Variances in the emssion estimtes are not considered
inthis chapter, since the nodel's nass-bal ance feature
helps to limt any systematic errors.

[1lustrative Application: Cadm um

Cadm um enters our environnent directly as a nmineral resource used

in industrial activities; indirectly as a by-product of agricultural,

construction, energy production, and transportation activities; and

naturally as an element in food, water, and the earth's crust. EPA

contractors have traced many of its emssions into the atnosphere, but
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t hey have been much |ess successful in finding sources of waste cadm um
in surface waters. Likew se, data on the anount of cadm um discarded to

landfill are nonexistent, although strong inferences can be nmade on the

basis of known dispositions of mpst cadm um containing products.

W have used a selected portion of the available data and derived
reasonabl e estimtes where data were not available to calculate a mate-
rial balance of the man-made flow of cadmum into and out of our environ-
nment. W have deferred consideration of its natural concentrations until

Chapter 6.

Pol lution from the Extraction and Refining of Zinc,
Lead and Copper Ores

Cadmumis purified as a by-product in the extraction of zinc, |ead,
and copper fromtheir ores. Consequently, the amount of cadm um produced
I s dependent upon the production of these other netals. The Bureau of
Mines*® has devel oped regression equations which relate cadni um produc-
tion to both cadmium prices and zinc production. Hgh cadm umprices

encourage the inportation of zinc ores and flue dusts.

The major flow paths fromindustrial production and use of cadm um
are given in Figure 3-1. For the nost part, the indicated flow reflects
waste quantities generated in 1968, when U S. consunption was slightly
higher than at present. Al of the major flows have been indicated so
that the material balance can be realistically nodeled. However, the

Al4

scattered evidence avail able fromEgp and other sources on industrial

13A. Petrick, et al., "The Economics of By-Product Metals," "Il. Lead,
Zinc, Uanium Rare Earth, Iron, Alumnum Titanium and Lithium Sys-
tems," Bureau of Mnes Information Grcular 8570 (1973).

#R. S. Qtinger, et al., "Recormended Methods of Reduction, Neutraliza-
tion, Recovery, or Disposal of Hazardous Wastes,” 16 vol unes prepared
for Environnental Protection Agency by TRW Systems G oup, PB224579,
Set/As, Vol. XV (February 1973).
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flows to land and water [imted the precision of our estimtes of those

quantities. The data on air enissions are fromW E. Davis & Associatest®

Pollution from Cadm um Use

The three major uses of cadmumare (1) electroplating, which
accounts for 49 percent of the total; (2) pignents and phosphors, 21
percent; and (3) plastic stabilizers, 15 percent. In the electroplating
market, the largest use (10 percent of all uses) is for notor vehicle
parts such as nuts, bolts, screws, springs, fasteners, washers, rivets,
and carburetor and alternator parts. About 6 percent of all uses go for
plating small aircraft parts. The renmmining el ectroplating usages were
for radio and television chassis, electrical appliance parts, narine
equi pnent, hardware, and industrial machinery. (A recent SR study* shows
the percentages declining for vehicles and rising for aircraft.)

No cadmumair emssions are reported for the electroplating industry

by Davis.®®

Sinmilarly, Fulkerson® assigns no discharge to sewage from

el ectroplating. However, nunerous other investigators have found |arge
quantities of cadm um discharges from electroplating. TRW** estimates
that this industry is the largest cadmum polluter of our sewers, with an

estimated |oading of 514 netric tons per year.

Current statistical data for other industrial uses are also uncer-
tain, although we have estimted disposals to achieve the balance shown
in Figure 3-1. Air emssions for all industrial uses total only 16 metric
tons.15 Because of the paucity of water and [and pollution data for

cadmum (e.g., the only admtted polluter is the nickel-cadm um battery

®nwNational I nventory of Sources and Enissions: Cadnmium Nickel, and
Asbest 0s--1968,"  (Cadmium Section |), PB 192250, prepared by W E
Davis & Associates, Leawood, Kansas for National Air Pollution Contro
Adm nistration (February 1970).

*Personal comunication, Charles Turk, SRI.
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industry,?4), we have assuned that 50 percent of the pignents and phosphors
and 100 percent of the plastics containing cadmumstabilizers end up in
waste dunps. The unaccounted cadm um used in pignents (623 netric tons)

Is assumed to remain in permanent use as paint. The assuned solid waste

di sposal s of the remaining uses are as follows: one-third of the cadm um
in alloys, silver braze, and others; two-thirds of the fungicides, nuclear
energy, rubber curatives, photography, and unaccounted uses; and 90 per-
cent of the nickel-cadmum battery output. The rest goes to permanent

uses.

Pol lution from Cadm um Di sposal

According to Baum and Parker,® disposal of all kinds of solid wastes
amounted to 354 mllion netric tons in 1972. W estimate that roughly
9 percent or 32 mllion metric tons are incinerated--slightly nmore than
twice the 15 mllion nmetric tons found incinerated in municipal inciner-
ators by an EPA survey.’” A proportionate 9 percent of the 2,089 metric
tons of cadm um probably go through the incineration process. Wth ems-
sion factors of 0.4 gramper netric tons for controlled and 1.5 grams per
metric ton for uncontrolled incineration as given by EPA,28 this process
allows 31 netric tons to escape to the air. The renmainder is buried wth
the ash as landfill, which runs off with water used to cool the ash. The

cadm um not incinerated is also assumed to be buried as landfill.

16, Baumand C. H Parker, "Solid Waste Disposal," Vol. |, "Incineration
and Landfall," Ann Arbor Science Publishers (1973).

17w, C. Achinger and L. E. Daniels, "An Evaluation of Seven Incinerators,"
pp. 32-64 in Proceedings of 1970 National Incinerator Conference, Gn-
cinnati, Chio, 17-20 May 1970, published by The Amer. Soc. Mech. Engrs.,
New York, N.Y.

18p, Anderson, "Enission Factors for Trace Substances," PB-230894, U.S.
Environmental Protection Agency, Ofice of Air Quality Planning and
Standards (December 1973).
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Recovery of scrap steel accounts for pre-control air em ssions of
1,000 netric tons of cadnium per year according to Davis.'® |f we accept
the argument that these emssions are well controlled, as inplied by
Fulkerson,® then electrostatic precipitation with a 90-percent effective-
ness factor results in 100 netric tons to the air and landfill disposa

of the remaining 900 metric tons.

O the 11 metric tons of cadmumused in fungicides, only 0.2 are
rel eased as air pollutants; the renmminder are applied principally to golf
courses. Much of this probably ends up in ground waters, but in any
event, the magnitudes involved are relatively small so we show this usage

di sposed to |and.

Qur final accounting for pollution from cadmum disposal is a mate-
rial balance around the sewage plant. The water wastes from the electro-
plating, pignent, and battery industries are from TRw.'* W estimate
that 0.5 percent of the anount of cadmum used in the plastic stabilizer
alloy, and "other" industries (nuclear energy, rubber curing, photography
and unaccounted) is wasted to the sewer. Therefore, cadm um waste pollu-

tion by way of sewage amounts to 527 netric tons per year.

Disposal of these sewage wastes was calculated as follows: Accord-
ing to EPA,*® an estimated 3.8 mllion liters of sewage is generated
daily by 10,000 people; so for a population of 200 mllion, sone 7.6 x 1010
liters per day are sent to sewage plants. The sewage plants renove nost
of the cadmumwith the sewage sludge. |If we take EPA's estimates of

sludge generated by prinmary and secondary treatment plants, and assune

19ngewage Sludge Incineration,” U'S. Environnental Protection Agency
Task Force for the Ofice of Research and Mnitoring, PB-211323

(August 1972).
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that each type treats half of the nation's sewage, the total sludge
generated will be in the range of 14,000 metric tons per day, or 5 ml-
lion metric tons per year. |f Page's®® mean cadmum content of 75 ppm
in the sludge is assumed, then the cadm um removed in the sludge will be

367 netric tons per year--about 70 percent of the total cadm um input.

EPA estimates that 3,600 netric tons per day (1.3 million metric
tons per year) of sludge are incinerated. Fromthis, we calculate that
incinerated sludge will contain 98 netric tons per year of cadmium  Since
the EPA'® cadmium enission factor of 4 ppmfor sludge incineration im

plies that 5 metric tons per year will be emtted to the air, the

remaining 93 tons will be dunped as landfill. The cadm umin sludge
that goes directly to landfill wthout incineration anounts to 269 netric
tons.

The portion of cadm um not collected in sludge amounts to 160 netric
tons. Thus, sewage effluent discharged to surface waters contains an
average 0.006 ppm of cadmum This estimte conpares reasonably with
t hat of Page,®® who gives a median effluent concentration of 0.005 ppm

froma survey of 57 Mchigan sewage plants.

Cadm um Contami nation from Cher Sources

Cadmium also pollutes the environment indirectly as a result of
man's agricul tural, construction, energy production, and transportation
activities. These sources are summarized in the follow ng paragraphs
together with an overall accounting of cadmum pollution in the three

media, and are outlined in Figure 3-2.

20A, L. Page, "Fate and Effects of Trace Elements in Sewage Sl udge
When Applied to Agricultural Lands--A Literature Review Study,"”
PB 231171, EPA 670/2-74-005, Univ. of Calif., Rverside, Calif.
(January 1974).
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ACTIVITY AND AMOUNT OF CD

DISPOSAL
TOAIR | TO WATER | TO LAND
SUPERPHOSPHATE
FERTILIZER USE — i 87
11 MILLION
COAL COMBUSTION L pas
469 MILLION BOTTOM ASH AND SLAG
)
ELECTROSTATIC
PRECIPITATORS - 238 499
DIESEL AND FUEL OILS|
200 MILLION . - 36
RUBBER TIRE | .
MOTOR VEHICLE USE WEAR — 5
GASOLINE | s
CONSUMPTION
MOTOR OIL
CONSUMPTION = !
CEMENT PLANTS
70 MILLION - 32
TOTAL INCIDENTAL CADMIUM 315 0 831
TOTAL CADMIUM PRODUCTION (from FIG. 3-1) 1o 75 3309
GRAND TOTAL CADMIUM CONTAMINANTS 1425 175 4140

Source: Derived by SRI from multiple sources.

FIGURE 3-2. INCIDENTAL CADMIUM DISPOSAL QUANTITIES
IN THE U.S. (Metric Tons per Year)




Em ssions of cadmumto the air resulting fromthe use of super-
phosphate fertilizers were calculated, assuming 11 mllion netric tons
per year consunption (Ref. 3, p. 86) and the standard EPA air em ssion
factor of 0.11 ppm  (Note that we distinguish between the use and the
production of fertilizer. W have not |ooked into the |arge-scale water
and land pollution problens rising from mning and beneficiating phos-

phate rock.)

To calculate the cadmum distributed to land by fertilizer applica-
tions, we used an average value of 8 ppmin the fertilizer, the nean of
the anal ytical values reported by Yost at Purdue.®* This projects to
87 metric tons per year of cadmum deposited on land by fertilizer.
However, Figure 3-2 does not show the conplete flow process, because
cadm um does not reside inertly in the land. Its pathway to man con-
tinues by runoff to water sources and by known absorption into food grown
on the land. That problemis discussed in nmore detail in Chapter 6, Ex-

posures.

Conmbustion of 469 million netric tons of coal per year® with an air
em ssion factor estimated by EPA*® of 0.5 g of cadmium per netric ton of
coal inplies that 235 netric tons of cadm um annually passes through the
control equipnent and into the air. Cadmumalso collects in the flyash
that goes to landfill. To arrive at a reasonable figure for cadmumin
flyash, a material balance was established using statistics fromthe Bureau

of Mines.®® In 1970, conbustion of 469 nillion nmetric tons of bituni nous

21g. L. Yost, et al., "The Environmental Flow of Cadmium and Ct her
Trace Metals," Vol. I, Progress Report, July 1, 1972 to June 30,
1973, prepared by Purdue Univ., for National Science Foundation
(1973).

2%¢. E. Brackett, "Production and Uilization of Ash in the United
States," pp. 12-18 in "Ash Uilization," Proc. 3rd International Ash
Utilization Synposium sponsored by National Coal Assoc., Edison El ec-
tric Institute, Anmerican Public Power Assoc., National Ash Assoc.,
and Bureau of Mnes, Pittsburgh, Penn., 13-14 March 1973, Bureau of
Mnes Information Grcular 8640 (1973).
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coal resulted in 24 mllion nmetric tons of flyash, 9 mllion nmetric tons
of bottomash, and 2.5 mllion nmetric tons of boiler slag. However, sub-
tracting the bottomash and slag froman average of 10 percent total ash®2
| eaves about 35 mllion metric tons of flyash going to electrostatic pre-
cipitators or other collectors. Conparing this residual calculation to
the 24 mllion metric tons collected by precipitators shows an efficiency
of only 68 percent-- much |ower than the 90-percent efficiency usually
estimated for precipitators in controlled tests. The difference could be
due to gradual losses in precipitator efficiency over tinme and to |ower

efficiencies of cyclone-type collectors wthout precipitators.

If we assume that the industry-w de collection efficiency for cad-
mum as well as total flyash is 68 percent, then 499 netric tons of
cadmum remain in the collected flyash. By adding the anmounts in bottom
ash, slag, and gases escaping to the air, we calculate that the input
cadm um concentration in coal totals 977 nmetric tons: a nationw de
average of 2.08 ppm This average is at the upper end of the 0.25 to
2 ppmrange quot ed by Fulkerson.®

Combustion of 1,814 million netric tons of diesel and fuel oil con-
taining an average 0.2 ppm of cadm um adds another 36 netric tons. Esti-
mated air emssions resulting from rubber tire wear and notor oil con-

18  @asoline enissions are based

sunption are those reported by Davis.
on a concentration of 20 ppb, as estimated by SRl from confidential in-

dustrial sources.

Cement plant emssions are based upon the production of 70 mllion
metric tons (124 mllion netric tons feed) in 1972 and escape according
to the EPA enission factors, as reported by Anderson.*® This source con-

tributes another 32 metric tons to cadmum loading of the atnosphere.

23R. F. Abernethy, M J. Peterson, and F. H G bson, "Spectrochenca
Anal yses of Coal Ash for Trace El enents," Bureau of Mnes, Report of

[ nvestigations 7281 (July 1969).
g (July 1969).



In summary, the major sources of cadm umpollution can be seen by
reference to Figures 3-1 and 3-2. The major air enissions come from
(1) the roasting of ores to recover zinc, |ead, and copper; (2) the re-
covery of scrap steel; and (3) the conmbustion of coal, principally in
thermal electric plants. Air enmissions fromthese sources are also im
portant water and |and contam nants fromthe standpoint of particulate
fallout and washout by rainfall. Were surface waters are used for irriga-
tion, some of the contained cadmum w |l appear in food, normally the

nost inportant source of cadmium to the human body.

Direct deposition of cadm umonto the |and accounts for the |argest
anounts of all, but nost landfill operations appear able to isolate their
waste materials quite successfully. Dispersed disposal of cadm um wastes
through fertilizers and, as mentioned above, deposition of contaninants
fromthe air and water seemto present nore significant problens to the

| and.

II'lustrative Application: Asbestos

Tracing of the various paths through which asbestos enters our en-
vironnent is conplicated by the popularity of this material (3,000 uses
according to the Asbestos Information Association of North Anerica).
Still, it seens strange that after all of the years since asbestos was

24

found to cause cancer in industrial workers®® and to pervade the urban

environment,?® there is still controversy over the ampunts and even the

24R.Doll, "Mrtality from Lung Cancer in Ashestos Wrkers," Brit. J.
Ind. Med., Vol. 12, p. 18 (1955).

2®yw. J. Nicholson, A N Rohl, and E. F. Ferrand, "Asbestos Air Pollution
in New York Cty," In Proc. 2nd International Cean Air Congress
H M Englund and W T. Berry, editors, Academc Press, New York
pp. 136-9 (1971).
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sources of contamnation. As a starting point, we have utilized the
product categories outlined by the U S. Bureau of Mines®® to attenpt to

isolate the major suspected sources.

Several investigators have pinpointed brakes and clutches as a prin-
. . . 2 . .
cipal source of asbestos in air. 27528 Conversely, other mcro-studies

2%  Spray-on asbestos insulation has

have cast doubt upon thi s hypothesis.
been pinpointed by Selikof£2°® as a probabl e contributor. Coviously, air
em ssions from the asbestos industry itself are contributing to the pol-
| utionproblem.®* A less obvious source may be the growing practice of

incinerating solid wastes containing ashestos.

26g, A. difton, "Ashestos," Bureau of Mnes, Mnerals Yearbook Pre-
Print (1972).

27¢. F. Harwood, "Asbestos Air Pollution Control," PB 205238 prepared for

for the Illinois Institute for Environmental Quality by the Illinois
Institute of Technology Research Institute, Chicago, IIl., (Novem
ber 1971).

28L. Bruckman, "Asbestos, an Evaluation of Its Environnental Inpact in
Connecticut," State of Connecticut, Department of Environmental Protec-
tion, Air Conpliance-Engineering (12 March 1973).

2°M, G Jacko, R T. DuCharne, and J. H Soners, "How Mich Asbestos
Do Vehicles Emt?" Autonotive Engineering, Vol. 81, No. 6, pp. 38-40
(June 1973).

2071, J. Selikoff, W J. Nicholson, and A M Langer, "Asbestos Air
Pol lution," Arch. Environ. Health, Vol. 25, No. 1, pp. 1-13
(July 1972).

®lnNational Inventory of Sources and Enmissions: Cadnium Nickel, and
Asbest 0s--1968," (Asbestos, Section Il11), PB 192-252, prepared by
W E Davis & Associates, Leawood, Kansas (February 1970).
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Uses of Ashestos

The diversity of products is illustrated by the exanples given in
Table 3-1;, the industrial pollution resulting fromthe manufacture of
these products, its initial transfer as solid waste, and its ultimate
di sposal to air, water, and land sinks are summarized in the flowsheet
in Figure 3-3. Besides the products listed individually, several [arge
uses including calking, roof coating, and auto undercoating are grouped

under "Cher."

Air emssion factors used to calculate the pollution resulting from
each manufacturing category are from Anderson.*® Witer pollution factors
were taken froma Booz-Allen report.®® Landfill factors, minly nanufac-
turing wastes and rejects, were assumed here to conprise 0.5 percent of
production, going to landfill. These product breakdowns help to trace
flow patterns to final air, water, and land disposal, although their

annual variations are not avail able.

Di sposal of Asbhestos

Ai rborne ashestos should ultimately settle out or be washed fromthe
air by rainfall, but its path is circuitous because of refloatation brought
about by wind and human activities, such as transportation. Therefore, we
can obtain better estimates of the quantities of ashestos entering the
bi osphere than we can of the quantities already present. The solid waste
factor of 0.5 percent for fabrication of asbestos construction products
sends 1,536 netric tons per year to solid waste disposal. Qher produc-
tion wastages calculated in the reports nentioned above send snaller

amounts to air and water (see Figure 3-3).

During construction, ashestos lost to the air totals 54 netric tons

per year under the EPA emission factor assumptions.'® But nost asbestos

82mp Study of Hazardous Waste Materials, Hazardous Effects and Disposa
Methods," Vol. 111, PB 221 467, prepared for U S. Environnental Pro-
tection Agency by Booz Allen Applied Research, Inc. (1973).
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Table 3-1

THE USES OF ASBESTCS

Ashestos - Cenment Industry

Shingles for roofing and siding
V&l | sheets

I'nsul ation board

O apboard

Electric motor casings

Water and sewage pipes

Gas pipes

Rain gutters

Air ducts

Ref use chutes

Ashestos - Textile Industry

Fireproof theater curtains

Laggi ng

Qther insulation wapping

Conveyor bel ting

Safety clothing

Pot hol ders

[roning board covers

Draperi es

Rugs

Motion picture screens

Gas filters in gas masks

Filters for processing fruit
juices

Filters for processing acids

Filters for processing beer

Filters for processing medicine

Mai | bags

Prison-cel |l padding

Airplane fittings

Stove and | anp wicks

Spar kpl ugs

Fire hose

El ectrical Equipment |ndustry

Insul ation tape

Source:  Bruckman, 1973

Asbestos Papers, Felts, and MI|board

Roof i ng

Pi ano paddi ng

Stove and heater [inings
Filing cabinet |inings
Mlitary helnet |inings
Aut omobi | e hood nufflers
Boi | er jackets

Radi at or covers
Acoustical ceilings

Pl ast er boar d

Fireproof wall board
Electrical switch boxes
Saf es

Tabl e pads

Stove mats

Ovens

Dry kilns

Asbhestos Plastics

Flooring tiles (asphalt and viny
bi nders)
Reinforcement and filler in plastics
Plastic products (frying-pan handles,
rocket nose covers)

M scel | aneous

Ingredient of paints and seal ants

Conponent of roof coating and road-
bui | di ng conpounds

Putty, calk, and other crack fillers

Artificial snow

Spray insulation on structural stee

Under coating on autonobile bodies

Gaskets and packing materials

Insulation materials

Friction Materials

Brake |inings
Cutch facings
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| DISPOSAL
;o via DIRECT TO
ACTIVITY AND AMOUNTS PROCESSED mu AlR | WATER | LAND
IMPORTS
599,263 MINING — 597 53,288
125,731 MILLING 194 48 5,043
PRODUCTION 119,444
DISPOSAL BY
PRODUCERS - 1781 48 | 58,333
b DOMESTIC USE = 718,707 1
1,536 153 248
CONSTRUCTION
307,022 FELTS AND s27 53 42
;‘P:‘.‘ FLOOR 388 3 4
2 TILE FRICTION 330! 210 21
7e.639 PRODUCTS
FABRICATION 70,092
PACKING & 140 L 2
GASKETS . T3 4
INSULATION
27,963 U 33 - )
17,718 TEXTILES 35 e s
1008 OTHER 3
106,823
DISPOSAL BY
FABRICATORS | 3,597 s47 325 -
6,604 54
CONSTRUCTION
308,087 FELTS AND 2,631
lz:p::z Py : 1,82¢
d 7:“: FRICTION 63,382 2y
42 PRODUCTS
CONSUMPTION €9,511
PACKING & 21,178 28
GASKETS 443 37
21,007 INSULATION
. 6,963
17,607 TEXTILES
$3,1(5
€963 OTHER
108,229
DISPOSAL BY
] CONSUMERS | 178,638 220 2¢ -
PERMANENT USE = 935,382
298,229 - 101,391 17,127 4,491 - - 53,14
TOTAL DISPOSAL {182,235 | 2388 401 | 58,333
SOLID WASTE INCINERATED 16400 | 1196 15,204
20LID WASTE TO LANOFILL | 165,834 165,438
GRAND TOTALS 3754 40t {239,372

Source : Derived by SR from multipls sewrces,

FIGURE 3-3. ASBESTOS PRODUCTION, FABRICATION, CONSUMPTION, AND DISPOSAL
QUANTITIES IN THE U.S. (Metric Tons per Year In 1972)
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construction materials are installed in "permanent" uses lasting 40 or
more years, such as commercial and industrial buildings and pipelines

for water, steam sewage, and gas. These uses inply a denolition rate

of about 2.5 percent (or 6,804 netric tons) per year going to solid waste

di sposal (see Figure 3-3 and Table 3-2).

As with our cadm um consunption nodel, 91 percent of the solid waste
goes to landfill. Only 9 percent goes through an incineration process
half in controlled nunicipal incinerators and half in uncontrolled
processes. However, since construction asbestos is nonburnable and
normal |y tightly bound, we estimate that only 1 percent of the amount
processed reaches the stacks. Thus, about 450 grans of asbestos for

each metric ton denolished goes to the stacks of uncontrolled incinera-

tors, and another 450 grams goes to controlled incinerators. Scrubbers

Table 3-2

FACTORS USED TO CALCULATE THE ULTI MATE DI SPOSAL OF ASBESTCS

Annual Per cent Percent of

Percent to | of Consuner Use Di sposed Solid

Consuner Di sposed as Wast es Rel eased

Use Solid Waste to Incinerator

Construction 97. 1% 2.5% 1%

Felts and paper 96.9 2.5 60
Floor tile 49. 4 15 10
Friction products 0 100 10
Packing and gaskets 0 100 10
I nsul ation 96.7 2.5 60
Textiles 0 100 50
Q her uses 49.7 50 10

Source: Estimated by SRI
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remove 80 percent of even this small anount from nost nunicipal incin-
erators, so the total construction ashestos escaping to the air from
both controlled and uncontrolled incinerators is only about 540 grans

for each netric ton denmolished in old construction. A negligible anount
(in the order of 0.5 percent of the amount escaping to the air) is emtted

to cooling water for the ash.

Di sposal estimation is simlar for nost other product Iines, as
summarized in Table 3-2. However, several pollution factors fall out-
side the standard methodol ogy. Em ssions frombrake [inings ("Friction
Products" in Figure 3-3) were cal cul ated using an EPA em ssion factor
gi ven by Anderson).'® Likewise, EPA enission factors provide estimtes
of air emssions in the insulation and construction product categories.
W estinmate the erosion of punp packings into consumer products to be

0.1 percent per year, mainly through water media

Asbestos air pollution frommunicipal incinerators anounts to hardly
5 percent of total emssions fromall mning, mlling, fabrication, and
di sposal operations. The predicted em ssions of 200 metric tons from
all nunicipal incinerators amount to an emssion factor of 15 grans of
asbestos per netric ton of solid waste incinerated, based upon an annua
rate of solid waste incineration of 15 million netric tons per year. The
reasonabl eness of these figures is difficult to establish, since we coul d
find no reported values for the asbestos content of the stack gases from

muni ci pal i ncinerators.

W do know that the 15 grams per metric ton asbestos em ssion esti-
mates are at least 1 to 2 orders of magnitude |ower than total incinera-
tor particulate emssions. An asphalt roofing material in an experinenta
mul tiple chamber incinerator wthout controls gave mnimumtotal particu-

late enissions of 1,300 g/netric ton charged.®® If emission controls to

33R. L. Stenburg, et al., "Effects of Hgh Volatile Fuel on Incinerator
Effluents,” J. Ar Poll. Control, Vol. 11, No. 8, pp. 376-383 (August
1961).
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renove 80 percent of the particulates had been used, these experiments
woul d have emtted at |east 260 grams of total particulates per netric

ton of solid waste

Conparisons may also be made with asbestos air concentration |evels
in other environnments. |If the nodel incinerator discharges 0.044 gram of
ashestos and 64 standard cubic nmeters of air per second, the ashestos con-
centration will be 742 mcrograms per cubic neter. The proposed OSHA
standard for air in working spaces (2 fibers/cm> greater than 5 mcrons)

i s roughly equival ent to 24 pg/m3*, or one-thirtieth the estimated in-
cinerator stack concentration.

Visual |y observed industrial exposures as high as 18 fibers/cm> are

* This converts to 216 pg/m>, a val ue

reported in U S. mnes and mills.®
about one-third as high as the calculated incinerator air concentration.
Al of these conparisons indicate that our estimates of incinerator ems-

sions are at least in the right order of nagnitude

%41, A Schutz, W Bank, and G Wens, "Airborne Ashestos Fiber Concen-
trations in Asbestos Mnes and MIIls in the United States," Bureau
of Mnes Health and Safety Program Technical Progress Report No. 72
(June 1973).

The OSHA concentration is easily derivable fromBruckman's®® observa-
tion that for every fiber longer than 5 mcrons counted by the standard
visual "phase-contrast illumnation" method, there are actually 50
fibers countable by the electron mcroscope nmethod, and from his conver-
sion factor of 1,000 fibers observable by the electron mcroscope nethod
per nanogram of asbestos. QCccupation exposures are based on an 8-hour
day and 5-day week, which nust be converted to equival ent continuous
exposures. The OSHA standard in terns of a full-time air concentration
is thus:

2 fiber 3 i
SR25E8 50 x 106 -+ 1000 PSS, B3 _ o, x 103 B8
nanogram 24 7
cm m m

%L. Bruckman and R A Rubino, "Rationale Behind a Proposed Asbhestos Air
Quality Standard," No. 74-222, presented at the 67th Annual Meeting of
the Air Pollution Control Association, Denver, Colorado, 9-13 June 1974
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Overall, we may conclude from these estimates that incinerators
could be significant but far from predom nant in causing ashestos air
pollution in the United States. Mning, mlling, and manufacturing
facilities each produce nuch larger quantities. Furthernore, the
diverse and w despread presence of asbestos throughout our society, its
consunptive use in such applications as autonobile brakes, and its per-
sistence in the biosphere makes it a much nore pervasive pollutant than
cadmum  For these reasons, it seems |ess easy to control by neans
short of restricted usage, and it offers only marginal gains for any

particular control strategy.
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Chapter 4

ALTERNATI VE CONTROL COSTS AND EFFECTI VENESS

[ nt roducti on

This chapter is devoted to an exam nation of several alternative
means of reducing pollution in the processes described in Chapter 3, and

the costs of these alternatives.

Backgr ound

One of the conveniences of working with the contam nant flow system
defined in Chapter 2 and developed in Chapter 3 is that it helps to
specify various types of pollution control activities and relate themto
each other. Each type of control can be physically described since, as
Figure 2-1 inplies, a control is any set of personnel, equipment, and

operational procedures that can act to restrict contam nant flows.

The control can be defined in various ways, depending upon how
broad a part of the contam nant flow systemis being covered and how
the control operates. Useful operating distinctions can be made, for
exanpl e, among controls that are primarily active (such as |inestone
scrubbers), primarily passive (tall stacks), and primarily restrictive
(regulations over the permssible uses of ashestos). Each of these
types of control nmethods requires a different mx of personnel, equip-
nent, and operating resources, and each will be nost feasible in differ-
ent situations, so their indicated costs and effectiveness can vary
widely with the assumed operating conditions. Therefore, it is necessary
to be selective in assessing the appropriate range and application of

control alternatives.
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Speci fications

In this study, only a few alternative controls have been chosen to
illustrate how their choice interacts with the process of standard set-
ting. These alternatives have been chosen because they appear poten-
tially significant to the cadm um and asbestos pollution flows described
in Chapter 3, and because they are either now operational or well enough
devel oped so that sufficient data exist for cost and effectiveness
anal yses. In accordance with the research objectives of the project,
they all could cause significant changes in |and disposal volunes, al-
though in a larger sense they can better be evaluated in the nultinedia
framework of Chapters 2 and 3 than in terns of land (or water or air)

al one

I nasnuch as the above criteria are somewhat restrictive and the

obj ective of the procedure is to illustrate a new nethodol ogy rather than
to address any particular current policy issue, the alternatives have

not been chosen necessarily to represent the nost topical, controversial,
feasible, or effective of possible controls. Neither have they been
chosen to enconpass the conceptual Iy simlar but analytically nuch nore
difficult problems of controls for multiple contam nants and of nultiple
controls for individual contamnants. For these reasons, such inportant
control issues as stack scrubbers for coal electric plants and asbestos
em ssion controls for the construction industry are not examned in de-
tail. Instead, we illustrate our nethodology with two sonmewhat sinpler

cadm um control alternatives and two asbestos alternatives.

Cadm um Control Alternatives

The material bal ance anal yses of the previous chapter provide a
good basis for devel oping potential cadm umcontrol alternatives, since
they indicate the |argest sources of contamnation in air, water, and
land. For exanple, Figure 3-1 shows that the |argest volume of cadm um
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air contam nants comes fromrefining operations, with zinc refining the
dom nant contributor. The third |argest volunme of cadm umair contami -
nation, as well as the second largest volune of water pollution, cones
fromincinerator operations in solid waste disposal. Controls are exam
ined for these two operations. Cher large contaninating activities such

as renmelt steel to air and sewers to water are not assessed here.

A Proposed Control for Zinc Snelters

Al'though zinc snelters represent obvious emtters that mght be
control I ed, their high contam nant outputs do not directly provide the
information needed for risk/benefit analysis. W also need to know the
amounts of non-health benefits foregone by inposition of controls, the
di spersion patterns of the contamnants, the effects of the resultant
contam nation levels on human health, and the nunber of people affected.
These factors are quantified in Chapters 5 6, and 7 below. But the
starting point for all of these analyses is specific technical informtion
about the contanminants emtted. Since higher volume snelters will enit

nmore cadmum a know edge of production by plant is required.

In Table 4-1, we list the Bureau of Mines®® breakdown of smelter
capacities for 1972. An estimate of the cadm um production rate of
each snelter is conputed by using an average rate of 4.4 kg of cadm um
produced per netric ton of zinc capacity (Ref. Fulkerson). Air ems-
sions are then calculated using the Fulkerson ratio of 0.205 units of
cadmum enmtted for each unit produced. The 1972 production of 3,542
metric tons calculated in this manner conpares closely with the reported
1972 production of 3,760 metric tons. For nodeling purposes, we define

asa, D. mMahon, J. M Hague, and H R Babitzke, "Zinc," in Bureau of
Mnes Mnerals Yearbook, pp. 1299-1333 (1972).
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Table 4-1

ESTI MATED AIR EM SSI ONS OF CADM UM FROM ZI NC SMELTER OPERATI ONS IN 1972

Zinc Cadm um ~ Cadm um

Capacity Production At Em ssions

Plant Location (metric tons/yr) | (netric tons/yr) |[(metric ton/yr)
Corpus Christi, Texas 50, 000 220 45
Amarillo, Texas 74,000 327 67
Sauget, Illinois 76, 000 335 69
Bl ackwel I, Ckl ahona 58, 000 255 52
Bartlesville, GCklahoma 45, 000 200 41
Mnaca, Pennsyl vania 214,000 941 193
Pal nerton, Pennsyl vania 195, 000 858 176
Bunker HiIl, 1Idaho 92, 000 406 _83
Tot al 804, 000 3,542 726
Aver age 100, 500 443 91

Source: Bureau of Mnes, 1972

the average zinc smelter as producing 100,000 netric tons of zinc and
440 metric tons of by-product cadm um per year and emtting 90 metric

tons per year of cadm um

In Table 4-2, estimates of |inestone scrubber em ssion controls for
the model zinc smelter are given in terns of operating effectiveness,
i nvestment cost, and annualized cost. Values of sulfur dioxide em ssions
are given for reference because several analytical studies, experinental
prograns, and actual operating installations have been inplenented to
eval uate the S0, eni ssions problem  Studies sponsored by EPA®7 estimate

37

D. A LeSourd and F. L. Bunyard, "Conprehensive Study of Specified Air
Pol lution Sources to Assess the Econom c Inpact of Air Quality Stan-
dards," Vol. 1, PB-222 857, prepared for the U S. Environnmental Pro-
tection Agency, Division of Effects Research by Research Triangle In-
stitute (August 1972).
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Table 4-2

MODEL ZI NC SMELTER CONTROL COSTS AND EFFECTI VENESS

production, zinc

Gas volune to scrubbers

S0, concentration in gas
Cadm um concentration in gas

Cadm um em ssions (continuous
equi val ent)--uncontrol | ed

Cadm um em ssions (continuous
equi val ent)--95% controlled

Flue gas nodification

Li mest one grinder
Gypsum storage, disposa
Scr ubber

Site preparation

Ofsite facilities

Total investnent

Annual Cost

Labor

Power

Li nest one

Vat er

Mai nt enance

Depreciation

Interest, taxes

Total annual cost

| nvest nent (approximate 1970 prices)

100,000 netric tons/yr
49 standard m3/sec
787 g/m3

84 mg/m3

4.1 gl sec

0.2 gl/sec

$1.99 mllion
2.88
0.28
1.20
0.62
_0.62

$7.59 mllion

$0.079 nmillion/yr
0.720
1. 555
0. 408
0.182
0. 505
_0.759
$4.208 mllion/yr

Sour ce:

Lesourd (see Ref. 37).
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that |inestone scrubbers can reduce s0, and particul ate em ssions by

about 95 percent. W adapt this estimate for cadmium particulate em ssions

The annual i zed cost for each nodel snelter is $4.2 mllion, so the
cost for eight "average" nodel zinc smelter controls, approximately
$33.6 million, can be taken as the total annual national cost. In addi-
tion, one should estimate the governmental costs for direct nonitoring
or at least occasional verification of plant self-nonitoring activities,
enforcenent of conpliance, and admnistrative overhead. These governnent
enforcement and administrative costs can be significant, but we coul d
find no prior control analysis in which they were explicitly added as a
cost consideration. W were therefore forced to resort in this study to
a rough estimate based on generalized expenditure data. Qur estimte
uses an average conparison of essentially all operational costs for pol-
lution control in the country with government administrative and over-

head budgets for pollution control

Qutlays for pollution control operational costs in the United States
anmounted to $10.4 billion in 1970, excluding nonitoring and enforcement.38
Only about $0.3 billion of these costs were federal, leaving $10.1 bil-
lion nonfederal ($4.6 billion state and local, and $5.5 billion private).
Expansi on of operational control costs was projected to expand to 1980
at about 10 percent per year in constant dollars, so that total 1972

operational pollution control costs would be $12 billion.

Enf orcement and administrative costs by the federal governnent
totaled $1 billion in 1972--about half of the $1.975 billion reported
for all federal pollution control and abatenent activities (see Reference

38, Table 5-1). This $1 billion went for admnistrative support of state

38Environmental Quality, Third Annual Report of the Council on Environ-
mental Quality, GPO Washington, D.C. Table 1 (August 1972).
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and |ocal pollution control organizations, for research and devel opnent,
and for federal pollution control activities. (The other half went
mainly for grants to municipal sewage treatment plants and for pollution
control operations at federal facilities.) Add a nodest anount of unre-
i mbursed enforcement costs by state and local governnents to the $1 bil-
lion federal total, and the total could easily reach 10 percent of the
$12 billion direct operational expenditures in 1972. This estimte of
10 percent excludes such overhead expenses as the legal and adm nistra-
tive costs of conpliance and reporting that are borne by regul ated
facilities, and the court costs of any litigation. Nevertheless, a 10-
percent add-on to operational costs for enforcenent does seem consi stent
with the level of administrative burden that m ght be expected in govern-
ment regulatory programs, and will be accepted here in the absence of
more precise data. Thus, the annualized national costs for operation
and enforcenent of zinc snelters controls will be 110 percent of $33.6

mllion, or $37.0 million

Finally, we nust estimate the variability of all these estimates.
The two-sigma confidence |imts (enconpassing 96 percent of the antici-
pat ed outcomes) are approxi mated on the basis of devel opmental prospects
and rather limted operational experience. They can be represented by
a single factor with which to nultiply or divide the mean estimte. Use
of this type of confidence linits pernmits us to accormodate w de uncer-
tainties and also to conbine different conponents to derive an overal
uncertainty. For the effectiveness estimate, the factor we use is 1.05.
Wien nultiplied by our nean estimate of 0.95, it yields an upper confi-
dence limt of 0.9975, and when divided into the nean, yields a | ower
confidence Iimt of 0.905. For statistical calculations, this is ex-
pressed as a | ognormal variable with a mean of log 0.95 and a standard

deviation of = log 1.025.
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Cost estimates are also expressed with confidence lints. W ignore
uncertainties that may arise strictly fromcost inflation because these
costs can be approximately adjusted by applying an appropriate inflation
index or by reestimating. Two-sigma linits due to inherent uncertainties
in cost estimting procedures we evaluate as + a factor of 1.2 (i.e., a
range from 83 percent to 120 percent of the estimated costs). The |og-
normal expression for this variable is: mean =1log 1 =0, sigm =
log 0.1. Variability in enforcenent costs can be neglected, since these
are an order of magnitude smaller than the operational costs and very un-

likely to be inportant.

A Proposed Control for Solid Waste Incinerators

A national incinerator inventory conducted by the Ofice of Solid
Wast e Managenent showed that only 193 nunicipal -scale incinerators were
operating in 1972, conpared to 251 in 1969. Figure 4-1 gives in ascend-
ing order the average incinerator size for each of the 22 states covered
inthat survey. The overall national average size is 0.096 mllion net-

ric tons per year capacity, near a discontinuity in the curve.

Locations of existing municipal incinerators are also significant
because nost are in the heavily popul ated northeastern quarter. In fact,
153 of the operating incinerators are located in that area, and EPA has
disclosed that 90 are in a narrow Atlantic seaboard area known as the
Incinerator Belt. That belt contains 13 percent of the nation's popul a-
tion, as well as alnost one-half of the total operating incinerators,
but only 0.06 percent (4,600 kmé) of the |and area (see Achinger, Refer-

ence 17).

The material balance of cadm um di sposed to solid wastes, summarized
earlier in Figure 3-1, shows that 31 netric tons of cadmiumair ems-
sions cone from solid waste incinerators. Only a fraction of this tota

conmes from municipal plants. Based on an EPA emnissions factor of 0.4 gram
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FIGURE 4-1. MUNICIPAL INCINERATOR AVERAGE
CAPACITIES BY STATE
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cadm um per netric ton burned*® and an estimted 15 nmillion tons inciner-
ated, the total cadmumair emssion from municipal incinerators anounts
to 6 metric tons per year. The remainder cones from open burning, indus-
trial incinerators, comercial scavengers, and John Q Gitizen burning
wastes in his back yard and fireplace. Control of nunicipal incinerators
can therefore have only a mnor inpact on the total solid waste incinera-

tion problemin nost comunities.

Tabl e 4-3 gives the costs to control air emssions from municipa
incinerators of various sizes; Table 4-4 summarizes the operating scrub-
bers on a mediumsize (263 metric tons per day) nunicipal incinerator
nmodel . No water pollution control cost data are given for these inciner-
ators, since nost water is discharged to municipal sewer systems already
operating. However, we should note that the cadm um concentration shown
for effluent water fromthe nodel incinerator (0.126 ng per liter) is
more than 10 times over the acceptable concentration (0.01 ng/liter) for

drinking water standards.

Annual i zed scrubber control costs for the nodel incinerator are
given as $110,000, in 1972 prices; an additional 10 percent for enforce-
ment costs brings the total to $121,000 per year. Uncertainties in
those cost estimates are proportionately the same as the aforementioned
uncertainties for zinc snelter scrubber costs. The |ognormal val ue of
sigma is log 1.1, and the upper and | ower two-sigma confidence limts
are, respectively, 0.83 and 1.20 times the nmean $110,000 cost estimate
The nean estimated control effectiveness is 0.85 (see Table 4-3). The
upper confidence limt is taken here as the nean nultiplied by a factor
of 1.15 (0.98), and the |ower confidence limt is the mean divided by
1.15 (0.74). The corresponding |ognormal expressions are: nean |og
0.85, sigma log 1.075
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Tabl e 4-3

MUNI CI PAL | NCI NERATOR CONTROL COSTS FOR EFFLUENT GASES

Particul ate
Si ze Flue Gas Col | ection Install ed Annual i zed
(metric Vol ume Ef ficiency Cost Cost
tons/day) | (m3/see) (% ($1000) ($1000)
91 0.022 85% 52 39
181 0.044 85 100 77
263 0. 064 85 145 110
454 0. 096 90 250 172
635 0.116 95 350 213
907 0. 165 95 480 302

Source: Research Triangle Institute

Table 4-4

MCDEL MUNI CI PAL | NCI NERATOR

Qperational capacity

Particul ate em ssions

Gas volume to scrubbers

Water volunme to sewer

Ash weight to landfill

Cadm um concentration in effluent gas
Cadm um concentration in water effluent
Cadm um concentration in ash

Cadm um emi ssions (continuous
equi val ent) --uncontrol | ed

Cadm um emi ssions (continuous
equi val ent)--85% controlled

263 netric tons/day
2.01 metric tons/day
64 m3/sec

2.1 x 10° liters/day
105 netric tons/day
18 pg/m3

126 pg/liter

11 g/netric ton ash
11 X 1074 g/ sec

1.7 X 10=4 gl sec

Source: Research Triangle Institute
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Asbestos Control Alternatives

Lack of know edge of the causes of asbestos pollution in the urban
environment nmakes it difficult to suggest control strategies. Overall,
the asbestos concentrations found in industrialized urban centers such
as Phil adel phia do not appear, fromthe dose/ damage rel ationships devel -
oped in Chapter 7, to be highly deleterious to human heal th. However,
em ssions from point sources, such as factory ventilators, do present a
danger to those living in the vicinity. Cher nore dispersed sources,
such as automobile traffic, also present a possible hazard to the large
nunbers of people who are exposed to them These two types of em ssions

and their associated costs are assessed here.

Table 4-5 shows the major industrial sources of ashestos em ssions,
as derived from several references. It also shows figures on nunbers of
plant facilities and values of annual product for each industry; these
data are used to help estimate the relative asbhestos em ssions of each
industry. Also shown is the density of the average surrounding city
popul ations for each industry; the density data can be used in conbina-
tion with the diffusion model in Chapter 6 to derive estimates of the

popul ations at risk.

Differences in emssions data reported in the literature proved

unusual Iy difficult to reconcile. To aid in establishing reliability,
we conpared em ssions data fromour report (which was derived principally

fromAnderson's work for EPAl8) with data fromRTI2® and from ADL4°.

Total annual em ssions estimates for the five conparabl e product groups

39
R E Paddock et al., "Conprehensive Study off Specified Air Pollution

Sources to Assess the Economc Inpact of Air Quality Standards," Vol.

I, "Asbestos, Beryllium Mercury," PB-222 858, prepared for U S En-
vironnental Protection Agency by Research Triangle Institute (August

1972).

"I npact of Proposed OSHA Standard for Asbestos," First Report to US.
Departnent of Labor, Arthur D. Little, Inc., No. C 74413 (28 April
1972), Appendices (5 July 1972).

40
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Table 4-5

ASBESTCS PRODUCTS | NDUSTRY Al R EM SSI ONS
AND SURROUNDI NG POPULATI ONS

Surroundi ng

Popul ati on
Total Em ssions Number Product Val ue Density

Product G oup (Metric Tons/ Year) of Plants ($million/year) gPegale/kmz)
Construction 153 48 143 '1,720
Floor tile 38 18 37 2,960
Friction products 210 30 203 2,507
Paper and felt 53 29 6 1, 687
Textiles 7 34 10 2,203
Gaskets, packing,
and insulation 32 300 351 2,800
Q her uses 54 200 59 2,300

Total s 547 659 809 2,374 average

Sources:  Derived by SR frommultiple sources




anounted to 461.3 netric tons in our report, 595.1 in the RTI report, and
349.2 in the ADL report. W have not resolved the bases of these dis-
agreements but accept the Anderson data partly because its total is in-
termediate between the totals of the other two sources. (The calcul ated

| ognormal nean of the three estimates is 458.)

The multiplying factor corresponding to the |ognormal value of sigma
for the three estimates is 1.31, so we estimte that the upper two-sigm
confidence limt for our estimate corresponds to 461.3 x 1.31 x 2 = 746,

and the |ower confidence limt corresponds to 461.3 + (1.31. X 2) = 285.

Fabric filters have been found to be the nost effective nethod to
control ashestos em ssions from nmanufacturing processes and are now in
proven use in sone segnents of the asbestos industry, as reported by
Paddock. This technique has only Limted application to mning processes,
which are not considered here. According to EPA*!, filters can limt
asbestos fiber concentrations (counting fibers longer than 5 mcrons) to
fewer than 0.5/an of exhaust air (equivalent to weight concentrations
of |ess than 25,000 ng/m?). This standard is at the lower limt of de-
tection by the optical mcroscope anal ytical method enpl oyed for asbestos
measurenents.  Therefore, the currently proposed limt of 2 fibers/cm;
(four tines higher) appears technically feasible for effluent air streans

from asbestos factories.

The effectiveness of control of asbestos mlling em ssions has been
estimted as 96 percent®® on the basis of a confidential on-site plant
survey. Control levels are proportionately the sane for different plant
sizes. Therefore, we assume that variations of control effectiveness
with size are negligible, but that variations fromother causes amount

41
"Control Techniques for Asbhestos Air Pollutants,” U S. Environnenta

Protection Agency, Ofice of Air and Water Programs, AP-117 (February
1973).
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to a confidence multiple of £1.03 (i.e., the two-sigma range extends

roughly between 93 percent and 99 percent).

Paddock al so indicates that variations in control cost are propor-

tionate to variations in size of plant for each industry. Unfortunately,
this relationship cannot be used to derive a planning factor for contro
costs because control costs are not proportionate to plant size when

industries. (Table 4-6 shows that textile plants

conpared among different
are nore than 50 times as expensive to control as friction product or
Therefore, we consider only the total costs of control -
which Table 4-6 shows to be $6, 946, 000. By

equi prent is 10 years and that

gasket plants.)
ling all asbestos plants,

assumng that the service life for control

SR (last two product groups)
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annual operational and maintenance costs, interest, insurance, and taxes
Table 4-6
ASBESTOS PRODUCTS | NDUSTRY CONTROL COSTS (1970 DOLLARS)
(Annual i zed
Annual i zed Costs) +
| nvest ment's Costs (Product
Product G oup ($1.000) ($1, 000) Val ue)
Construction $2, 400 $ 720. . 005
Floor tile 216 64.8 . 002
Friction products 720 216.0 . 001
Paper and felt 348 104. 4 . 002
Textiles 1,700 510. . 052
Gaskets packi ng,
i nsulation 1,169 350. 8 .001
Qher uses 393 117.8 . 002
Total s $6, 946 $2,083. 8
Sources:  Paddock3® (first five product groups)




together ampunted to 20 percent of the original investment, we convert

this to a national annualized cost of $2,084,000 per year in 1970 dollars

Moni toring of plant asbestos concentrations represents a significant
additional cost. EPA has estimated that the cost of deternmining the
asbestos content of sprayable insulation material by electron mcroscope
is in the range of $300 per sample.®® Air sanpling and subsequent
analysis is even nore expensive. Based upon an instrunent cost of

$100,000 and a life of 10 years with 2 or 3 man-days per anal ysis* the
cost of analyses for air sanpling will probably be in the range of $700
per sanple. The national cost of surveying 659 plants once a year at
this rate would total about $460,000 per year. (To sanmple once a nonth,

the annual cost would be $5.5 mllion.)

The national control and nonitoring costs (one air sanpling per
year), then, would add to slightly nore than $2,600,000. A 10-percent
suppl emental cost for enforcenent runs the total national bill to about
$2.9 mllion per year. W assune for purposes of the study that these

entire costs should be included in the analysis.

To anal yze variability, investnment cost figures should be broken
down into several segnents. The purchase price of fabric filters may
vary by +20 percent.*! Installation costs have a mean of 180 percent
of purchase cost, with a |ow of 150 percent and a high of 200 percent;
so the variability in terms of installed cost is |ower than +20 per-
cent. These estimates do not take into account differences in the cost
of capital among firns (smaller firnms often have higher charges), which

could add several percentage points to the variability. Simlarly, the

42"Background | nformation on the Devel opment of National Enission Stan-
dards for Hazardous Air Pollutants: Asbestos, Beryllium and Mercury,
APTD- 1503, Ofice of Air and Water Prograns, U S. Environmental Pro-
tection Agency (March 1973).

*Per sonal comuni cation, Dale Coul son, SRI
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estimates do not consider the effects of inflation since 1973, or of
the potentially very large variability in nonitoring costs. However,
we assume in our analysis that overall confidence linmts for asbestos
controls, monitoring, and enforcenent are obtained frommultiplying or

dividing by a factor of 1.2.

Aut omobi | e Asbest os Emi ssion Controls

A control alternative frequently proposed for asbestos is to sub-
stitute an alternative nmaterial for brake linings. Athough this sug-
gestion has been around for a long time, no satisfactory substitute has
yet been found.® As a limiting case, we can ignore feasibility and con-
sider the economic and health inplications if such a substitute were

di scover ed.

To calculate the potential reductions by swtching from asbestos
brake linings, we assune that the present urban air concentration of
ashestos is caused by brake linings, asbestos spray insulation, and

asbestos factories, as recapitulated below from Figure 3-3

Brakes 129 netric tons/yr
Ashest 0s
Brake product factories 210
Ashest 0s
Qther factories 337
Spray asbest os 37

703 netric tons/yr

|f asbestos were elininated as a brake lining, total em ssions would be
reduced by 339 netric tons per year. This hypothetical savings is cal-
culated assuming the sanme two-sigma uncertainty factor, 1.31, as for
asbestos industry en ssions.
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W assune that new brake materials would cost 50 percent nore than
asbestos brakes, that they will give equivalent wear, and that no new
tooling costs will be required. The auto manufacturer's cost for ashes-
tos brake pads is in the range of $2.75 per set of four, so a conplete
set of brake |inings containing new technol ogy materials woul d cost
$2.75 X 1.5 = $4.13 per vehicle. At sales of 10 nillion vehicles per
year, the differential cost of new nmaterial brake Iinings would be

10 X 10° X ($4.13 - $2.75) = $13.8 X 10%/yr .

Qur estimate for replacenment linings is based upon a total U S. nileage
of 1 X 10%2

mles, so replacenent |inings would cost

vehicle mles per year with linings changed every 27,500

36.4 X 10° sets/yr X $1.38/set = $50 X 10%/yz |

The total direct cost would thus be $63.8 nillion per year. For an
assunmed 3 pounds of asbestos per brake set, the total loss in new and
repl acement asbestos brake |inings would be 46.4 x 106 sets per year

X 3 pounds per set, or 140 x 106 pounds per year. At $211 per short

ton, the lost market would be valued at $14.8 nmillion per year. Ten per-
cent for governnent enforcement costs adds $1.5 million. A 1.2 cost un-
certainty factor (the same as for industry controls) would apply to both
the |ost asbestos and new substitute markets. Uncertainties about the

realism of the hypothetical brake substitute are not considered

The inmedi ate effects of this substitution are summarized in Chapter
5. Note, however, that the benefits are |ong deferred behind the cost.
No reasonable substitute material seens feasible at present. [f a re-
placement lining nmaterial were available now, it would require in the

range of three years to switch from nmarketing ashestos linings to
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marketing the replacenent lining. The health inplications of this re-

duction are discussed in Chapter 7

Cost-benefit specialists wll detect a slight difference between
this formulation and the conventional cost-benefit approach. W split
costs into two parts: the direct control costs that are covered in the
present chapter and the indirect costs (or disutilities) that are in-
cluded in Chapter 5. W have divided themto clearly separate the iden-
tifiable engineering and admnistrative costs, which are cal culated by
standard costing techniques, from the nore specul ative economc costs
which are estimated on the basis of nore ambi guous and theoretically

controversial economc theory.

Both types of costs are sunmarized in Chapter 5, but the summary is
also different from a standard cost-benefit formulation. It includes
positive benefits as well as costs (e.g., increased enploynent in the
environmental controls industry) in order to conpile all non-health
econom c effects in the cost dimension. Since the "benefits" dimension
Is reserved for only those benefits that are related to health, we never
attenpt to calculate a "cost-benefit ratio" in the conventional framework

Qur approach is to a risk-benefit framework is described in Chapter 8.
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Chapter 5

NET ECONOM C BENEFI TS

[ ntroduction

It is the objective of this chapter to relate technical, cost
and production data to factors measuring econonic benefits. The con-
cern here is with the economc benefits and costs exclusive of effects
on health. Nonhealth costs and benefits can then be conpared with the

health benefits achievable by the technically feasible controls.

In general, hazard reduction is achieved either by the introduc-
tion of specific technical controls such as air scrubbers, water
cleaners, or other changes in procedures for production or use of the
product or by partial or total elimnation of the product. Insofar as
the cost of controls affect the situation, economc factors to be con-

si dered incl ude:

e Increased costs and price of the product.
« Reduction in producer revenues and profits
« Possible net reduction in enploynent.

e Reduction of consuner benefits fromthe use of the prod-
uct following either fromits total elimnation or from
the reduction in consunption that follows control-

i nduced price rises.

« Changes in net inports and the balance of trade
« Possible adverse effects on the economes of particul ar
regions especially affected by such changes
This chapter, in sunmary, is concerned with anticipating the effects

of proposed controls on these various econonic variables.
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Consuner Benefits

The consuner effects are usually measured by the reduction in con-
suner surplus, where the concept of consuner surplus has been devel oped
in econonmic literature to measure an inplied |oss of consunmer satisfaction
resulting fromprice rises, a reduction in the quantity consumed, or both.
Figure 5-1 shows the measure of consuner surplus in schematic form
Consumer surplus is by definition a value equal to the upper left tri-
angular area in Figure 5-1. The rational e behind the consuner surplus
concept concerns the difference between the actual market equilibrium
price and the price that sone consunmers (those nost eager) woul d have
been willing to pay for the quantities they purchase. Consuner surplus
measures the surplus satisfaction of these consumers. Consumer surplus
is of interest here because it is generally affected by added costs re-
sulting from controls inposed, but represents an inputed or economic

wel fare loss not covered by any actual cash transactions.

Figure 5-2 shows schematically the effects on consuner and producer
surplus resulting froman increase in costs (such as those induced by
the inposition of controls) that turns the supply curve upward and to
the left. (The increnental costs induced by the inposition of controls
may al so raise the intercept of the supply curve; that is, the price in
Figure 5-2, below which none would be supplied. This conplication has
been ignored to sinplify the schematics, but will be allowed for in the
anal ysis.) As shown in Figure 5-2, the loss in consumer surplus is
caused by the shrinking of the triangular area that neasures it when
the supply curve noves upward. This loss is equal to the area of the

trapezoid indicated in the schematic.
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Trade Benefits

The bal ance of trade effects of inposing hazard reduction controls
on domestic production depend on: (1) the vigor of foreign conpetition
for sales of the product both domestically and overseas; (2) whether
simlar controls are instituted in countries supplying the conpetitive
product; and (3) on any changes in tariff protection accorded domestic
producers. For this study, it will be assumed that no added U.S. tariff
I's introduced and that foreign countries do not cooperate by inposing
simlar environnental control regulations. This results in worst-case
estimates of adverse foreign trade effects. (Best-case estimates would
reflect conplete adjustments by tariff policies and conpetitive forces

so as to show no change in balance of trade.)

Cadm um Exanpl es

Cadm um Em ssions and Zinc Snelter Controls

As indicated in Chapter 4, an inportant source of cadm um pollution
arises fromstack emssions fromsmelter processes involved in the ex-
traction and recovery of zinc, lead, and copper fromtheir ores. The
principal sources of cadm um are by-products of such operations. A
technically feasible nethod of control is to apply additional |imestone
scrubbers to clean up stack effluents. The direct effects of inposing
such controls would be increases in the cost of refining zinc, |ead, and

copper less offsetting gains from increased amounts of cadm um recovered

Demand and supply curves for zinc, l|ead, and copper cannot be well
established. In the case of zinc (which involves the greatest amount
of associated cadm un), gradual depletion of the high grade veins of
zinc ores has led to a reduction in the nunber of domestic producers, a
decrease in donestic output, and a consequent increase in inmports. Price
controls on domestic zinc were lifted in Decenber 1973 and were fol | owed
by a substantial rise in zinc prices fromabout 20 cents per pound to

al most 40 cents per pound. In spite of this increase, domestic suppliers
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have continued to decrease and have been acconpanied (after a lag) by a
drop in domestic consunption. Foreign prices, formerly highly conpetitive
have risen even higher than donestic prices. The decline in consunption
has occurred only recently, but can be presuned to be responsive to the
price increase rather than a cause of it. The decrease in domestic pro-
duction, however, cannot be attributed solely to foreign conpetition or

to increasing costs since costs do not seemto have risen as fast as price
General inflation and offsetting releases of zinc by GSA fromthe US. Stra-
tegic Stock Pile may have been significant nodifying influences. The de-
crease in donmestic production appears to be related nore to the wthdrawa
of high cost producers fromthe donmestic market and to a scarcity of
profitable ores to be worked. The period of uncontrolled prices, however

Is too short for persuasive econonetric analysis.

Production Effects of Zinc Snelter Controls

Past studies of the short-run elasticity of the demand for zinc have

shown it to be highly inelastic. *3,%%,45,4¢8

However the |ong-run demand
which is virtually inpossible to derive from historical data, cannot be
very inelastic in view of possible substitution of other materials for

zinc in various uses and in view of past inport experience. Indirect

“%y.S. Haang, "A Conmodity Consunption and Export Forecasting Techni que
Illustrated by Zinc," Mneral Resources Branch, Dept. of Energy M nes
and Resources, Mneral Bulletin MR 119, Otawa, Canada (1971)

**R. G Driver, "Econonetrics and Zinc Consunption,” in "Lead and Zinc
Free Wrld Supply and Demand," 1968-71 Lead Industries Association
(April 1968).

*®*F. E. Banks, "An Econonetric Note on the Demand for Refined Zinc,"
Zeitochrift fir National o konomc, 31, pp. 443-452, Springer-
Verlag (1971)

*8"Lead and Zinc, Factors Affecting Consunption," [nternational Lead
and Zinc Study Goup, United Nations, New York.
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arguments, based on incone relationships suggest that the | ong-run demand
shoul d have an elasticity in the range between one and two. Moreover,

| ong-run supply shoul d be nore responsive to recent price increases than
observed declines in supply would indicate. In the absence of firm
empirical evidence (and sone time nust |apse before an adequate history

of relatively free price novements can be accunul ated) the long-run effects
of controls on consuner surplus, producer surplus, producer profits, em
ploynent, and foreign trade can only be estimated with great uncertainty.
Before attenpting to discuss some plausible estimates, it may be worth-
while to discuss a schematic representation of these effects fromthe

point of view of economc theory.

Figure 5-3 shows the market nmechanisms for a product such as zinc
which is inported in substantial fraction. Here we assune that tota
donestic demand and both foreign and domestic supply are fairly elastic.
Figure 5-3 then shows the changes in price and quantity sold both from
donestic and foreign production as pollution controls are inposed on
domestic production. Again, possible shifts in the intercepts of the

supply curves have been ignored to sinplify the schematic.

In Figure 5-3, it is assumed that no controls are inposed by foreign
authorities and only the donestic supply curve is turned upward. The
turn in the domestic supply curve, however, nmay be less than that equa
to the full cost of controls because some portion of these costs m ght
be absorbed by the producers or by governnment. As long as any portion
of the increnental costs are passed on to the consuners (that is, as long
as the domestic supply curve turns), there will be sone reduction in
quantity sold and in producer revenues. To anticipate the effects of
controls, analysis is required of the structure of the zinc industry and
the probable behavior of the donestic producers, assumng that they at-

tenpt to mnimze their reduction in profits
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Al t hough some purchases of other ores (including inmports) are usual
most producers depend largely on their own sources and the | owest cost
producers have access to the richer veins. H gh cost producers who gen-
erally must obtain ores from poorer or depleted veins, have been |eaving
the zinc industry. In nost cases, any tenporary increase in output can
be attained only by increasing costs. An approxinmation to the situation
can be made by assumi ng that each producer's total costs are representable

by a quadratic function of output with positive coefficients for all terms.

For given market prices, producers can maximze profits by setting
margi nal costs equal to the market price. Marginal costs are given by
the slope of the total cost curve; if the total cost curve is quadratic,
the marginal costs are given by a linear function of the quantity supplied.
Under such assunptions, the quantity offered in the nmarket by each producer
is a linear function of the market price. Because control costs are com
posed primarily of fixed investnents and the costs of |abor and materials
used for control (costs essentially proportional to output), the effects
of controls are to shift the supply curve for each producer upward and to
turn it counterclockwi se. Except for departures from (or entries into)
the market, the aggregate supply curve (obtained by summ ng over al
producers) is also linear, at least near current operating levels. It
al so turns counterclockwi se to adjust to additional controls, as shown in
Figure 5-3. If no controls are inposed on foreign producers, no change
occurs in the foreign aggregate supply curve. Note that the aggregate
foreign supply curve may differ from the aggregate donestic supply curve
Moreover, the individual supply curves will differ anong producers within

both the foreign and domestic groups

Qur anal ysis shows that under conpetitive conditions of the type
described, the change in price woul d be equal to about one-half of the

average cost of controls per unit of output multiplied by the portion of
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consunption net domestically. At current levels of inports, the price

i ncrease woul d be about one-fourth of the average increase in costs per
metric ton of output. This pass-on percentage inplies an elastic demand
function that differs greatly from the assunption by Chase Econonetrics

of a 90 percent overall pass-on of the costs of pollution controls.*”

Qur analysis assumes that only zinc will be controlled whereas their

anal ysis considers the mcro-economc effects of the entire antipollu-
tion package. Table 4-2 gives an estimate of $42 per metric ton for the
annual i zed cost of zinc controls. A one-fourth pass-on woul d consequently

be about $11 per netric ton.

Tabl e 5-1 provides sone rough estimates of the effects of controls
on econom ¢ aggregates of interest based on assumed supply and denand
elasticities, both arbitrarily set at 1.50 for current production and
consunption levels. To indicate the sensitivity of the estimtes pre-
sented to variations in the elasticities, error margins are al so presented
in Table 5-1, showing the effects of using elasticities of 1.0 or 2.0 in-
stead of 1.5 and allowing for an uncertainty of about 30 percent in the

estimate of control costs.

The data in Table 5-1 are actually based on 1973 market data and an

assuned control cost of $55. per metric ton. %8 %%

Thi s val ue of $55 per
metric ton has been used instead of $42 per netric ton because the |ower
estimate was derived froma 1971 report and presunmably reflects 1970

or earlier costs structures. The allowance made for inflation over the

“7Chase Econometrics Association, Inc., The Econonic | npact of Pollu-
tion, Bala Cynwnd, PA (March 1975).

*®survey of Current Business, March 1975, and prior issues for data on
zinc prices, production, consunption; Bureau of Econom c Analysis,
U S. Dept. of Commerce.

*9Commodity Yearbook(1973).
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period 1970 to 1973 could be in error because of uncertainties in price
I ndexes, weights, and the exact date to which the initial estimate
applies. The total uncertainty in the $55 figure for 1973 is believed
to be about 30 percent (i.e., about 10 percent greater than the 20 per-
cent cited in Chapter 4). Projections to |ater years would require
application of more recent data on inflation and could introduce further

uncertainties.

Al t hough the published data and the quadratic cost nodel used in
this analysis did not provide estimates of current profit levels, they
did permt estimates of the changes in both foreign and domestic profits

as shown in Table 5-1

Ofsetting the zinc | osses to some extent, measures to contro
cadm um (and other airborne pollutants) in zinc snelters would yield
an increase of about 20 percent in the anmount of by-product cadm um
generated. At the current price for cadmiumand the current rate of
production of domestic zinc, this gain would be approximately $4 nillion
worth of cadm um per year (450 netric tons) or about 20 percent of the

projected loss in value of zinc production.

Enpl oynent Effects of Zinc Snelter Controls

Enpl oynent effects can be estimated by (1) associating with the
| oss of domestic zinc production a proportionate |oss of enployment,
(2) associating with the costs of using and maintaining control equip-
nment a proportionate gain in enployment, and (3) associating with the

increased sales of control equipment, a proportionate gain in enploynent.

In 1971%° the primary zinc industry (SIC Code 3333) was estimated

to have a total enployment of 7,100 (5,800 counting production workers

®%Annual Survey of Manufactures, Census Bureau, U S. Dept. of
Conmmerce (1972).
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Table 5-1

EFFECTS OF POLLUTI ON CONTROL COSTS
ON THE U.S. ZINC | NDUSTRY

Current Uncertainty
ltem Amounts | Effects Limts on
(1973) Effects
1. Vol une of donestic zinc production
(thousand netric tons per year) 523 -61 -45 to -83
2. Volune of foreign zinc inports
(thousand netric tons per year) 455 +46 35 to 59
3. Value of donestic zinc production
(mllion dollars per year) 243 -21 -9 to -33
4, Value of zinc inports
(mllion dollars per year) 211 +28 20 to 36
5. Donestic zinc profits
(mllion dollars per year) Not avail. -20 -15 to -28
6. Foreign profits frominports to
the US
(mllion dollars per year) Not avail. +6 4 to 11
7. Consuner surplus
(mllion dollars per year) 303 -14 - 8 to -24
8. Zinc price
(dollars per netric ton) 464 +14 8 to 25

Notes: Calculations are based on the assunption that 1.5 is the el as-
ticity of demand and also of supply, whether foreign or donestic.
These uniformelasticities result in a price increase of one-
hal f the fraction of consunption supplied donestically tines the
control costs of $55 per netric ton; i.e., the price change is
(.5) (.53) ($55) x $14.6. FError terns reflect the effects of
changing the elasticities from1.5 to 1.0 or 2.0 and ot her uncer-
tainties including those in the initial estimates of control costs
and in updating themto 1973. Note that the estimte of consumer
surplus is subject to an error of about 40 percent because of the
uncertainty in the demand elasticity.

Source: Derived by SRl based on quadratic cost nmodel developed for this
project and on references cited in the text.
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only) and a total wage bill of 61.6 mllion ($47.4 mllion for production
workers) yielding an average wage of $8,700 ($8,150 for production workers).
From wages and enpl oyment reported in the 1972 annual report of the St

Joe M neral s Corporation,®! average wage rates can be approxi mated as
$12,000 per year. At this average wage, for the total zinc industry,

wage bills in 1973 would have been $85 nmillion. W have used $10, 000

average wage as an intermediate estimte

If controls had been inposed, we can infer from T Table 5-1 that do-
mestic zinc production woul d have decreased by about 61,000 netric tons,
or about 12 percent, and its value woul d have decreased by $21 mllion
or about 9 percent. Using 10 percent as an average to express effects
on enpl oynent woul d armount to decreases of 700 workers and $7 nillion

in wage bills.

The annual |abor costs for control maintenance as given in Table 4-4
for a 100,000 netric ton per year snelter is $79,000, corresponding to
an enployment of about 9 persons at smelter wage rates. Annual (1973)
production of 523 thousand netric tons would require about five times
this total enploynment or perhaps 50 persons. Total investment costs in
obtaining and installing control equipment woul d anount to $45 million
for the industry and generate about $30 million in one-tinme wages,
corresponding to enpl oynent of the order of 3,000 man-years over the

period during which the new equi prent woul d be produced and installed.

O her el enents of annualized scrubber costs include $4.3 nmillion
in extra power consunption, $9.3 million worth of Iinestone, and $2.4
mllion worth of water. Depreciation and naintenance account for over

$4 mllion per year, which could provide some additional enploynent

511971 and 1972 Annual Reports, St. Joe Mnerals Corporation, 250 Park
Avenue, New York, NY. 10017.
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either at the snelters or nore probably at equi pnent manufacturers. If
these efforts are added to those for original equipnment fabrication
(averaged over an assuned 15-year life), possible enploynent of 300 per-
sons would be involved. In general these sources of increased enploy-
ment woul d be small in conparison with the direct reduction of zinc
industry enployment. However, as calculated by Chase Econonetrics, 4’

iIf controls were introduced rapidly over a three or four year period
overal | enployment would increase slightly due to expansion of the pollu-
tion control industry and then decline bel ow previous |evels as prinmary

production declines.

The prinmary long-run regional effect of the various shifts in
enpl oynent that are likely to arise is the net reduction of enploynent
in the zinc industry in its areas of concentration where the opportunities

for enployment in other activities are relatively limted.

Finally, the nonitoring and enforcenment costs described in Chapter 4
could be estimated to reach from$4.20 to $5.50 per netric ton, or from
$22 to $29 million per year. They would create from 200 to 300 jobs for
nmonitoring and controlling conpliance, presumably including on-site in-

spections and production of appropriate nonitoring equipnent.

Overall Effects of Zinc Smelter Controls

Tabl e 5-2 collects the econom c inpact data and provides estimates
of the total dollar inpact of controls on zinc snelters. Data are
either taken from Table 5-1 or from estimates of unenployment effects
given above. The $7 nillion reduction in consuner purchasing power is
caused by the $7 mllion extra paid for zinc in other products (the net
result of $28 million increase in inports less a $21 mllion reduction
in domestic production). That $7 mllion is added to another $7 mllion

| oss of consuner satisfaction from reduced zinc content of consumner
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products to obtain the total $14 nmillion |oss of consuner surplus shown
in Table 5-1

In these rough calculations it has been assumed that wages average
$10, 000 per year per full tinme equival ent enployee and that unenpl oynent
Is augmented by a nmultiplier of 2 locally. Because of local multiplier
effects, national wage effects mght be geographically distributed as a
| oss of $14 nillion in the vicinity of the snelters and a gain of $4
mllion near the producers of control equipnent. The total loss in value
of production is roughly equal to the change in GNP because it includes
val ue added from zinc, cadmum and control equipnent as well as val ue

added from production of materials used in such production

W assume that control equipnment is phased in gradually over the
15-year life of such equipnent so that initial installations and re-
pl acenments constitute a stable annual demand for manufacture of contro
equi pment. There is the tacit assunption that no other environnenta
controls are introduced el sewhere to further perturb the econony. Taxes
may be divided approximately as $3 mllion lost near snelters and $7
mllion elsewhere in the country, largely as a reduction of federa
corporate profit taxes. The change in investnent funds represents gross
profits after taxes and thus includes capital consunption or depreciation

al l owances and dividend distributions.

The nmost significant neasure of the overall effect on the nationa
econony is the $21 nmillion per year net reduction in GNP. The nost
significant local effects in snelter areas are the increases in unenploy-
ment. Qher enploynent effects are distributed nationally. A secondary

effect is the reduction of the tax base near the snelters

The popul ation living in smelter areas with cadm umair concentra-
tions above one nanogram per cubic meter is seen fromFigure 6-2 (in
Chapter 6) to be about 2 million (assuning 100 people/km?). Thus, of

the nationally dispersed effects such as changes in federal taxes and
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consuner surpluses, only about one percent will be allocated to the cad-
m um production areas thenselves. Al such |ocal allocations of nation-
ally dispersed effects shown in Table 5-2 are below a million dollars

per year and can be negl ected.

Cadmi um Eni ssions and Municipal |ncinerators

As noted in Chapter 4, the controls applicable to municipal in-
cinerators would have other antipollution values but would affect only
a small portion of nationw de cadm um enmissions from incineration of
solid wastes. The cost of controls would normally fall on the |oca
popul ation either as increased charges for refuse collection and dis-
posal or as increased |local tax rates (unless, as recently in the case
of nunicipal water treatment, nassive aid were provided by state or
federal governments). Although considerations of equity mght suggest
that these costs be recovered by increasing refuse service charges, or
basing such charges on weight or volume of solid wastes collected, the
record- keeping problems of such procedures would be so great that nost
municipalities would probably prefer to use tax revenues or increased
service charges. 1In any case, the total costs would be absorbed by
the total population. The only non-health econom ¢ benefits involved
woul d be the gain to the producers of requisite control equipnent or

to those local persons who maintain or nonitor it.

The nmodel incinerator cited in Table 4-3 has a capacity for 263
metric tons per day or 0.096 mllion metric tons per year, and an
annual i zed cost of $110,000. Total costs for 193 public incinerators
woul d be about $22 million per year plus another $2 nillion for non-
itoring and control. Somewhat nore detailed analysis using both the
cunul ative distribution of incinerator capacities given in Figure 4-1
and the estimates of annualized costs given in Table 4-3 yields an

estimate of $132,000 of annualized costs or $25.5 nillion per year for
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Table 5-2

CHANGES IN ECONOM C BENEFI TS CAUSED
BY ADDING ZINC SMELTER CONTRCLS

Change Induced by Pollution Control
(MIlion Dollar Per Year)

Econoni ¢ Aggregat e Smelter Locality Nat i onal

Effects on Wages

Zinc and cadnium -7 -7
Control equipment manufacture 0 +2
Local services (multiplier effect) _7 -5

Total \ges -14 -10

Effects on Value of Production

Zinc -21 -21
Cadni um +4 +4
Control  Equi pnent 0 +3
Consuner purchasing power (consuner surplus) _0 -7

Total Production -17 -21

Effect on Domestic Profits

Zinc -20 -20
Cadm um +2 +2
Control equi pment 0 +1
Profit portion of consuner purchasing power 0 =2
Total Profits -18 -19

Effect on Taxes -3 -10
Effects on Investnent Funds NA -9
Effects on Balance of Trade NA -28

Source: Derived by SR from data in Chapter 5. Investnent costs are assuned
to be averaged over the life of the investnent.
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the whole country plus $2.5 mllion for nonitoring and enforcenent.
Using the 20-percent uncertainty linmt results in an estimte of annual -
i zed costs nationally of from$21 to $31 million plus $2 to $3 million
for monitoring and enforcement. W assunme these costs are borne by the
localities involved, except for a portion of the nonitoring and enforce-

ment costs.

Ashestos Control s

The inpact of asbestos controls can be assumed to be al nost en-
tirely on consuner surplus. This inpact will be distributed over all
users of ashestos products. In the first place, direct sales of ashestos
products to final demand are small (perhaps one-sixth of the total).

In the second place, asbestos products are largely free of conpetitive
products. Indirect demands for asbestos in the hundreds of places

where it is fabricated into products of other industries provide an
aggregate demand that should be highly inelastic. Control costs are
thus likely to be passed on fully as mnor increases in the costs of

the various consuner products that contain asbestos. A though these
price increases for asbestos products may be sonewhat augmented by
application of markups in the consumer products (e.g., there may be a
small nultiplier effect), the asbestos content is generally small enough
to preclude any significant reduction in demand for the various products

i ncorporating sonme ashestos.

Asbest os Production Controls

Control costs, as summarized in Chapter 4, appear to be very small
as a percentage of the value of the asbestos products thenselves, and
an extrenmely small fraction of the value of the end-items using asbestos.
Effects on the demand for the wide distribution of products can be

assuned to be inconsequential, and the primry inpact would be on consumer
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Chapter 6

EXPCSURE TO HAZARDOUS WASTES

Backgr ound

Few exposure nodel s of the type needed for this analysis have been
attenpted in the past because results that are accurate at the local |eve
require detailed information on such paraneters as the m cro-neteorol ogy
of the area, the physical and chem cal characteristics of each em ssion,
the quality of ground water supplies, and the conposition of the soil
Studies that have related the amounts of emtted contamnants to the ex-
tent of the resultant exposures have generally been too conplex to be ap-
plied to a general nodel (e.g., the aerial dispersion nodels used in the
Purdue Cadni um Project®® and in the AEC manual, "Meteorol ogy and Atonic
Energy,"®® are dependent on variables for which data are general |y not

avail able).

Because no adequate prior nodels were discovered in the literature
search for this project, we had to devel op our own conposite nodel to
convert emssion rates into contamnant concentrations in the air,
water, soil, food, and so forth to which people are exposed. Al though
portions of the nodel are based upon earlier nodels used for radiologica
and ot her environmental contam nation anal yses, the overall nodel repre-
sents a first attenpt to define exposure conditions in a manner that can

be conveniently integrated into other portions of the analysis.

®2p. H Slade, editor, "Met eorol ogy and Atom c Energy," U'S. AEC Techni -
cal Information Center, Oak Ridge, Tenn. (July 1968).
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The objective of this part of the study is to define a general node
of exposures to contamnant materials that will relate the rates of ems-
sion by a source to the contamnation levels that will be created in the
areas around it. The nmodel shoul d be flexible enough to deal with a
single emssion source on the one hand and with areawi de or even nation-
wide contanmination levels on the other. To handle the greatest variety
of input data and analytical results, it should be conpatible with a wide
range of detail for such factors as wind patterns, type of contam nants
source height and heat, population distributions, and surrounding opera-
tional activities. At the same time, its output data nust be in a form
that can be applied to the human hazard nodel in the succeeding part of

the anal ysis.

The scope of the nmodel need only cover the contam nants that are of
concern (e.g., cadmum or asbestos), but nodifications of the basic nodel
shoul d be applicable to many different contam nants. Media exposed
shoul d include air, water, and | and surface, as well as others that may
be significant in the case of individual contam nants, such as food,

t obacco, and cl ot hing.

Met hod of Anal ysis

Different nethods of analysis are required for each of the nedia.

In general, the logic of the analysis progresses in the follow ng steps:

(1) Convert the rate of air em ssions fromthe source into
| evel s of contam nant concentrations at points around
the source. This provides a neasure of exposure for
i nhal ation

(2) Convert the air concentrations to rates of deposition
onto the earth's surface

(3) Convert deposition rates to concentrations in biologi-
cally active portions of the ground and the water supply.
In the case of sources emtting contamnants directly to
the ground or to water, the analysis will start with this
step.
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(4) Convert the exposures fromair, ground, and water con-
centrations to an estimate of contam nation of foods
grown in the area

(5) Sum the exposures fromcadmumin air, ground, water
supplies, food, and other media into an equival ent
total exposure to human beings in the area of interest.
These steps have been followed in building the following sinplified nmodels
for air, ground, water, and food exposures.
Ar
To estimate air exposures fromany em ssion source, assune that
the source is continuously emtting a flow of contamnants at a rate
of @ g/sec into the airstream This flow w |l become diffused through
the lower layers of the airstream with an "expected concentration C' equal
to its average concentration at some distance r in the downstream air times
the probability that any given point at that distance will be in the air-
stream  For equal frequencies of all wind directions, this expected con-
centration level will be the same for all equidistant points surrounding

the source.

Because the circunference of the concentric circles surrounding the
source is proportional to the distance r, the contamnant wll be dis-
persed in propostion to I/r just through the effects of diffusion around
the source. (As explained below, the close-in limt of this model is as-
sumed to be 1 km) In addition, air diffusion theories indicate that
contamnants will disperse vertically in a "mxing layer" that is propor-
tional in depth to 3\/17 (see Ref. 52, p. 197, Figure 5.2). If we assune
that the mxing layer is 100 m high out to a distance of 1 kmfromthe
source, that it rises in proportion to 3\/1':' at further distances, and that
over a long period the contamnant will disperse equally in all directions,

then the layer will appear as illustrated in Figure 6-1(a).
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If we further assume that the average wind speed is 10 msec, then
from geometric considerations, the expected air concentration (neglecting

deposition) at radial distances greater than 1000 mwill be:

Q'g/sec
10m/sec - 10r1/3

3
C g/m
m* 27Tr m

’

3
= Q g/m

2m - 100r£"/3

C is the contamnant air concentration within the mxing layer at distance

r and Q is the contamnant emssion rate from a continuous source;
10/sec is the average wind speed in meters per second

1/3
10r/ is the depth of the mxing layer in neters

r is the distance from the contam nating source, in neters.

But in addition to dispersion, the air concentrations wll decline by
deposition of contam nants onto the ground surface. This deposition rate
is often approximated by a "deposition velocity vd“ (Ref. 52, p. 204).

For a given wind speed and no lateral dispersion of the contamnants, the
deposition velocity will reduce concentrations exponentially wth distance.
However, if integrated averages of deposition under all w nd speeds are
taken, the value of residual air concentrations wll nore nearly re-
senble a power function. Such a relation, where Cis proportional to
1/r2‘ has been experimental |y observed by Slade (Ref. 52, Figures 4.24

and 4.40). For sinplicity, this function will be taken here, providing

a val ue of expected air concentration that is proportional to 1/r2.

Concentrations near the surface at distances very close to the source
are | ess than expected under the 1/r2 assunption because nost sources emt
from sone height (such as a stack) and it takes time for the concentrations

to descend to ground level. For exanple, both surface air concentrations
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and ground deposition rates (which are closely proportional to surface
air concentrations) seemto peak at some distance up to about 1 kmfrom

industrial emtters (see Ref. 52, Figures 4.2 and 4.4).

The nodel comnbining deposition and diffusion effects assumes that
the total contam nants suspended in the air remain constant out to a
di stance of 1 km and then decline in proportion to r'2/3, due to deposi-
tion. This function is shown in Figure 6-1(b). The concentration equa-
tions, as nodified to show deposition as well as dispersion (for Q in

g/sec and r in m, are:

3 ’ 100 !
Cg/m = = 4/3  2/3 Qz (6-2)
2 - 100r T 2mr
’ -
= ‘J‘—é‘ for r < 1000 m (6-2a)
27 + 10
I'a
- - for T = 1000 m (6-2b)

These concentrations are additive fromeach source and from natural back-
ground. Confidence intervals (£ 2¢) are likely to be quite wide for the
model relative to any given contam nant and any downw nd | ocation, be-
cause of both mcro-neteorol ogical variations and generalizations involved
inthe nodel. By analogy to experience with nodels for nuclear fallout

we estimate that the confidence limts for any one source will be of the

order of * a factor of 10.

@ ound

Deposition rates fromair concentrations can be related to air con-
centrations through the deposition velocity Vi mentioned above. The
"deposition rate per unit area d " is:

a’ g/mzlsec = vy m/sec * C g/m3 (6-3)
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The "total deposition rate D" is the integral of the area deposition

rates over the entire surface of the earth. |n sinplified form the earth's
surface (5 x 108 kmz) can be expressed as a plane circle of radius 8 900 km
if we assune that D varies as a function of the distance fromthe enitter.
Therefore, total deposition rate can be approximted by an integral of the
form

8.9X106m 8. 9X10

f d 2mrdr = 2mv, f c rdr

=0

D 'g/sec

¢ 1000 8.9x10°

- oy _Q'rdr Q'rdr

. 6

(3=0 2" 19 Zio0 % (6-4)

r2 1000 8.9X10
V4
e +
lp In r ’1000

I
<
o)

S PR

vQ’ {0.5 -0+ 15.9 - 6.9} = 9. ! !
Q 5.9 - 6.9} = 9.5 v’ ~ 10 vQ

An approxi mate value for deposition rate per unit area as a function
of air concentration can be derived by combining the above two equations
and introducing the equality D = Q. (By the preservation of mass prin-
ciple, the total deposition rate D wll equal the emssion rate Q under
equilibrium conditions.)

d'g/mz/sec=vd'C——lo—;‘"C—‘%6 (6-5)

Expected values for deposition rates are illustrated in Figure 6-1(c).
Thus, long-term deposition rates in g/mz/sec wi || average about one-tenth
the long-term expected air concentrations in g/m3. The |evel of uncer-
tainty of this estimate, however, is even greater than for air concentra-
tions, largely because of mcro-neteorological variations in deposition
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rates but also because of particle size variations and approximations in
the model. For these reasons, the estimated uncertainty levels in point-

to-point ground deposition are as much as = a factor of 30.

Average deposition rates over a large area will also be about 10
times smaller than average air concentrations. Variations of the averages
wi |l be sonewhat larger than the variations in average air concentrations:

about *+ a factor of 10.

Bui | dup of contaminants in soils could continue indefinitely except
as counteracted by natural fixation and depletion processes. Since
these processes are not known from existing data, estimtes nust be based
on conparison with analogous contam nants. The usual nodel for turnover

of organic and other foreign matter in the soil is

dx
dt—A-Lx s

where x is the anount of matter present initially
A is the annual input

L is the fraction removed each year.

For equilibriumconditions after air depositions to the soil have con-

tinued for many years, the input will be balanced by depletion so that

dx

= = 0 and
it an

X =é

e L ?

wher e X is the amount of matter present in equilibrium conditions

Wt er

Contam nant concentrations in water depend nore than air or soi
concentrations on local factors, because water is influenced by upstream

sources, subsurface contanminants, and direct discharges as well as by
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air deposition. Unfortunately, we do not know of any |arge-scale water

fl ow nodel that can be applied to the water concentration problem How
ever, as a gross rule of thumb, one nmay conclude that water concentrations
will be correlated with (1) air concentrations, and (2) soil concentra-
tions of the contamnant of concern. The argunent for correlation with air
contamnants is the fact that nost nunicipal water supplies are taken
from surface waters that are susceptible to deposition of airborne con-
taminants. The argument for correlation with soil contamnants is the
obvi ous propensity of flow ng waters to take any contam nants that they
cone in contact with into solution or suspension. Furthernore, each argu-
ment can be adduced in partial support of the other because of the close
associ ation between air and soil concentrations that has been descri bed
above. Since we work primarily in the study with air concentrations, the

basis for analyzing water concentrations wll be:

. . . . . 3
wat er _concentration in ug/l _ local air concentration in ug/m
background water concentration background air concentration

Food

Because of discrimnation procedures by plants and ani nal s agai nst
excessive levels of any mmneral, increases in soil concentrations of con-
tam nants are not proportionately reflected in higher food concentrations.
The increases in food concentrations are roughly proportional to the
square root of the increased soil concentration. °*,%% However, nost food

comes from locations that are distant from the consumer. Brown and PilzS®

°%1. Friberg et al., "Cadniumin the Environment,” Table 3.3, CRC Press
Inc., Ceveland, Cnhio (1974).

S4a. L. Page and F. T. Bingham "Cadm um Residues in the Environnent,"
Residue Review, Vol. 48, p. 26 (1973).

®8s. L. Brown and U. F. Pilz, "US. Agriculture: Potential Vulnerabili-
ties," Stanford Research Institute, Menlo Park, Calif., p. 63 (January
1969) .
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have cal cul ated that while food sources vary in proximty to consumers,
t he average movenent of unprocessed food in the United States is at |east

650 mles from producer to processor, and that the novenent of processed
food from processor to consumer is another 400 niles or nore. The average
area over which soil concentrations should be calculated to determ ne food
cadmum levels, then, extends to a radius in the order of 1,000 km around
each consumer. The inpact of cadmi um enissions on food is accordingly
taken to be regional rather than local in nature. (Qher evidence de-
rived by Capener for this study shows that concentrations of cadm um in
food are correlated with the sizes of cities sanpled, which contradicts
this assunption. Locally procured fresh foods such as mlk may explain
the correlation, but devel opment of a plausible cause-effect nodel nust

await future studies.)

[llustrative Application: Cadm um

Al though the cadmumflow chart in an earlier chapter shows that
al nost three-quarters of the cadmumenitted to the environnent ends in
| and di sposal, the major sources of exposure to humans are ingestion
fromfood and water and inhalation fromthe air. The nodel s necessary
to derive these exposures are devel oped bel ow fromthe general exposure
nodel s.

Ar

Maxi mum | evel s of cadm um neasured during a year's period in air
exhibit a mean of approximtely 0.003 pg/m3 and a 2¢ range of + a factor
of 10. Maxi mum urban |evel s show a nean of 0.01 ug/m3 with the same
proportionate range, and average |evels seemto be about one-third of
the maxi mum ones (Ref. 3, p. 206). This inplies that average background
air levels are in the order of 0.001 pg/m3, + a factor of 10. The maxi-
mum noni tored level in recent years at any station was 0.69 pg/m3 in

East Hel ena, Montana.
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I ncreases over background |evels can be calculated fromthe genera
air concentration equations given above. For exanple, concentrations re-
sulting from the nodel zinc snelter specified in Table 4-2 can be cal cu-
lated from equations (6-2a) and (6-2b). The cal culations show that an
uncontrol | ed cadm umem ssion rate of 4.1 g/sec will create a maximmair
concentration of 0.65 X 10'6 g/m;. But the concentration wll be higher
than the basic nodel indicates because sone portion of cadmum already
deposited will be resuspended and recircul ated. Experinents done by

Purdue University®®

suggest that 20 to 30 percent of measured concentra-
tions are due to resuspended particles. An average of 25 percent would
inmply that neasured concentrations will be 100% + 75% = 133% of the val ues
cal cul ated above, or 0.87 X 1076 g/m3 out to a distance of 1 kmfromthe
smelter.  This maxi mum concentration will enconpass a circular area of
3.14 kmz, and concentrations at further distances will be inversely pro-

portional to the area covered.

If we multiply the areas affected by 8 to consider all US. snelters,
then we can derive the coverage estimates shown in Figure 6-2. W can
estimate the popul ation covered by assumng an average density of 100
peopl e per km? (slightly less than the average density in Pennsylvania)
The resultant values incorporate assunptions that concentrations from the
ei ght nodel snelters will equal those fromthe sum of the actual US. zinc
snelters listed in Table 4-1, and that overlaps between their contam na-

tion areas are negligible.

Simlar calculations can be made for cadmium air concentrations
around nunicipal incinerators. The nodel wuncontrolled incinerator de-

scribed in Table 4-3(a) emts 1.1 X 10'& g/ sec of cadmum and creates a

®€k. L. Yost et al., "The Environmental Flow of Cadmiumand Qther Trace
Metals, " Progress Report, prepared by Purdue Univ., p. 95 (1974).
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micrograms (10°g)/litre in water
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FIGURE 6-2. CADMIUM AIR AND WATER CONCENTRATIONS FROM

U.S. ZINC SMELTER AND MUNICIPAL INCINERATOR
EMISSIONS (UNCONTROLLED)
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concentration of 0.24 X 10'9 g/m3 within aradius of 1 km For 193 nuni-
cipal incinerators of the same size, the total area covered with this
concentration will be 600 kmz. Popul ation densities around nuni ci pal
incinerators (mostly in the Northeast) can be taken as 200/km2--about

the sane as the average for the Northeast states.

Controls will reduce the air concentrations in proportion to the re-
duction in emssions. Snelter controls are expected to elininate 0.95 of
the emtted levels, with a two-sigma confidence band |ying between 0.905
and 0.998. Incinerator controls will elimnate an expected 0.85 of ems-

sions, with confidence lints of 0.74 and 0.98.

@ ound

Total ground |evels of cadm um concentration for uncontam nated soils
amount to a nmean of 0.06 ppm and a two-signa range of a factor of + 10
(Ref. 3, Table IV-1). (This conpares with a mean value in the whole
earth's crust of 0.15 ppm) Assuning that the biologically active soil
zone is the top 10 cm (Ref. 3, p. 279) and that soil weight averages

3 . . . .
1 g/em , then this concentration of 0.06 ppmis equivalent to:

6

- - 2
0.06 « 10  x 10 g/cn‘t2 X lOO2 cm2/m2 =6 X 10 3 g/m * a factor of 10

Deposition rates wi 11 of course be additive to this nornmal ground
concentration. Addition of phosphate fertilizers to the soil can increase
cadm um concentrations by a factor of 10 or nore (see Schroeder as re-
ported in Ful kerson, Ref. 3, p. 73). Concentrations of as nmuch as 30 ppm

have been observed in soils around a zinc snelter (Ref. 3, p. 279).

Rermoval of cadm umfromthe biosphere in the soil is very difficult
to estimate. Renoval rates for nercury from sedinments in water are esti-
mated at about 15 percent to 50 percent per year (ref. personal comuni -

cation, Buford Holt, SRI). For carbon in soil, the renoval rates are
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about 5 percent to 10 percent per year. 57 Renoval rates for cadnium can
be expected to be nuch slower, and will be estinmated here to be 2 percent
per year, * a factor of 3. This estimate is consistent wth observed
residual concentrations near steel mlls in Gary, Indiana (personal com
muni cation, Dr. Jack Yost, Purdue University Cadm um Project). There-
fore, for cadmum the long-term buildup or decline in cadmum |levels

caused by a specific change AA in the annual emssion rate Ais:

__hA
Ax, = Q.02 - 00 M

This level, however, will not be approached until about a century of
emssions at the stable rate. Changed levels in the first year will ap-

proxi mate the derivative function:

Ax = M - 0,02 xo

Wt er

The nmean | evel of cadm umin uncontam nated headstreamwaters is
roughly 1 pg/liter;that is, 1 ppb, with a two-sigma confidence factor
of about + 10. The U.S. Public Health Service drinking water standard
Is at the upper end of this range: 10 ppb. Contaminated streans have
been observed with as much as 130 ppb (Ref. 3, p. 218).

The water concentration nodel that will be used for cadmumis the

one correlated with air concentration, i.e.

wat er concentration (in g/1) = (1/2 - 103) air concentration (in g/m3) .

57W. A Reiners, "Terrestrial Detritus and the Carbon Cycle," in Carbon
and the Biosphere, G M Wodwel|l and E. V. Pecan, editors, USAEC
(August 1973).
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Supportive evidence for this nodel can be found froma US. GCeologica
Survey finding that, as in air, "higher concentrations of cadmumin water
general ly occur in areas of high population density" (Ref. 3, p. 218).
Al'so, both the confidence intervals (a factor of 10) and the extrene

val ues (230 times background for air and 130 times background for water)

are of the same orders of magnitude as the nodel would indicate

Effects of emission controls on water concentrations can be cal cu-
|ated easily from the above formula, since any changes due to controls
will be one-half the magnitude (measured in ng/1l) of the changes (nea-
sured in ug/m3) estimated in air. The conparable curves are illustrated

in Figure 6-2

Food

"Normal " food concentrations of cadm umare reported by Friberg to
be about 0.05 ppm (Ref. 54, p. 25). Schroeder reports a normal val ue of
0.35 ppm but this value is considered too high by other investigators.
Neverthel ess, a confidence lint on these estimates of + a factor of 10

(i.e., lying in a range between 0.005 and 0.5 ppnm) seems reasonable.

O her neasured concentrations in four foods indicate values ranging
from 0.0015 to 0.07 ppm (Ref. 54, p. 30). This would inply a nean food
| evel of perhaps 0.01 ppm and two-sigma values of + a factor of 10. The
estimate relevant to this analysis--integrated total foods eaten by in-
dividuals over a time period of 1 to 50 years--will have much |ower vari-
ance. For that figure, an estimate of 0.01 ppm + factor of 3 can be used.
However, we will not consider variability of food concentrations in this

anal ysi s.
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[llustrative Application: Asbhestos

Chapter 7 will document the hazards of asbestos, which are primarily
frominhalation of airborne particles. Therefore, air concentrations are
the major exposure routes of concern for ashestos. Were ashestos is
emtted into the air fromman-made sources, we will adopt the same air

transport nodel that has been used for cadm um

Avail abl e data® indicate that urban |evels, averaging about 29 ng/m;,
are very nuch higher than nonurban concentrations, which generally appear
to be less than 1 ng/m;. Much of these urban concentrations cane either
fromthe industrial sources or the brake lining residues that are con-
sidered in this analysis, although other major sources include building

construction and demolition activities.

The asbestos industry data tabulated in Table 4-4 show total em s-
sions of 547 netric tons per year, or 17.5 g/sec. Dividing these ems-
sions anmong the 659 operating asbestos plants yields an average of 0.026 g/
sec fromeach plant. Air concentrations from Equation (6-2b) wll thus
reach a maximum of 4.1 X 10'9 g/m3, Addi tional quantities should be in-
cluded to allow for refloatation of particles deposited on the ground
Since ashestos particles tend to be smaller than cadm um particles, they
should refloat nmore easily. W wll assume that 33 percent of all as-
bestos particles in the air at any time have been refloated; so the cor-
rected maximum concentrations will be 4.1 X 10'9 +(1.00 - 0.33) or 6.2 X
10'9 g/m;. These concentrations will extend 1 kmfromeach plant (covering
a total area of 659 nrz, or 2060 km?), and fall off inversely with the

square of further distances from the sources

Asbestos contanmination from brake |inings presents an even nore
difficult estimating task because the em ssion sources are so diffuse
If we consider emssions fromeach of the 130 U S. cities of over 100,000

popul ation as a single source and add themto the estimated 30 plants
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producing friction products (i.e., brakes), the total sources can be
taken as 160. This nunber can be divided into the 339 nmetric tons per
year (11 g/sec) potential reduction in air emssions fromelimnating as-
bestos brakes to obtain an average emssion rate per source of 0.07 g/sec
Maxi num air concentrations, corrected for the refloatation factor, wll
be 0.07/(2m - 106) +0.67, or 17 X 10'9 g/m?, over an area of 500 kmz.

Areas covered by the cal cul ated concentrations due to both the pro-
duction of asbestos products and the use of asbestos brake linings are
illustrated in Figure 6-3. Since both ashestos products and brakes are
primarily associated with urban areas, the density of populations exposed
can be taken as an average of 2,347 people per square kiloneter, as shown
above in Table 4-5. That estimate, which is based on city popul ation
densities, is nore than 10 tines as high as the cadm um estinmates, which

are based on statew de densities.

Controls inposed on asbestos industry em ssions would be expected
to reduce the concentrations by about 96 percent, as described in Chap-
ter 4. Confidence limts on this value reflect uncertainties in the
val ues of both emssions and control effectiveness. The overall limts

assum ng independence of the two uncertainty factors, can be expressed as

| og of uncertainty = (log of emissions)2 + (log of controly2
uncertainty uncertainty )

2
\/?log 1.31)  + (log 1.03)2 =-\/0.272 + 0.0302

J0.0729 + 0.0009 = ,/0.0738

0.272 = log 1.3125

The uncertainty factor in reduction of industry emssions is very

close to the largest individual uncertainty factor: 1,31

Elimnating the production and use of asbestos brakes will result in
100- percent reduction of the brake-related em ssions shown in Figure 6-3,

again with a 1.31 uncertainty factor.
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CONCENTRATION - nanograms (102 g)/cubic meter

fooo

100

S

(=)

O.1

0.01

= 1 T T ITiTr T T 7 1711 T
— -
n R
B -
- ]
- ~
\ROM INDUSTRY
- \\ =
~ -1
N BRAKES ]
- TN
: :
- 1
n ]
L -
S S R N S N D T B A | N N A N R
10 100 1000 10,000

AREAS EXPOSED TO MORE THAN INDICATED CONCENTRATION

-square kilomsters

FIGURE 6-3. ASBESTOS AIR CONCENTRATIONS FROM U.S. ASBESTOS
INDUSTRY AND BRAKE LININGS

6-18



Chapter 7

R SKS TO HEALTH

[ ntroduction

This chapter describes how estimtes of waste exposure levels from
Chapter 6 can be conbined w th epideniol ogical data to generate esti-
mates of health effects. One useful way of quantifying such estimates
is through the use of dose-damage curves. Dose is a neasure of exposure
to sone pollutant in our environnent and damage is sone health effect
(e.g., mortalities) associated with the dose.

An internediate phenonenon, absorption of the pollutant fromthe
environnent into the body also occurs. But in nany, probably nost,
cases of interest to EPA, the processes by which such absorption takes
place are not well understood, and the relationships between observed
|l evel s of pollutants and health effects are subject to considerable un-
certainty. For effective decision nmaking, a dose-damage curve nust be
acconpanied by an indication of its reliability.

Here we express reliability by drawing confidence limts around the
dose-damage curves. Dose-danage estimates of this type have been de-

vel oped to:
e Provide an enpirical basis for illustrating risk-benefit
met hodol ogy.

e ldentify areas where further data woul d inprove the
quality of the results

The attenpt to provide an enpirical basis proved available data
were sparse, fragmentary, too narrowly conceived, and in some cases

contradictory. But it did set forth the considerations needed for a
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conprehensi ve anal ysis of environmental health hazards in a manner that
documents the missing as well as the available data el ements as clearly

as possi bl e.

Cadmi um Exanpl e

The concepts described above are first illustrated by applying
themto the case of cadmum Very little is known about the processes
by which man's body extracts cadm um from his environment. Mjor un-
certainties exist as to absorption and retention as a function of routes
of intake, chemcal forms of the elenent, and the synergistic or antago-
nistic effects of other conponents (Reference 3, Ful kerson, Chapter VI)

The best nedical evidence (based on anal ysis of netabolic processes,
systemc effects, and dose response relationships) indicates that the
kidney is the critical organ in chronic cadm um poi soning. However,
statistical correlation studies indicate much higher cadm umrel ated
mortality rates from cardiovascul ar di seases and fromcancer. For the
chronic exposures that are of interest in this study (chronic exposures
require stricter environmental standards than acute exposures), the sig-
nificant health threats appear to be bracketed on the | ow side by kidney

effects, and on the high side by cardiovascular and cancer effects

Body Burden Mbde

Because of (1) uncertainties in the anounts and pathways of cadm um
in the body, (2) the several physiological systens involved, and (3) the
conmplicated internal cadmumredistribution that takes place among such
systems, we assume a sinplistic view of how cadm um builds up in the body.
A certain fraction of the cadm um brought into the body by ingestion or
inhal ation is absorbed into the bloodstream The fraction absorbed by
ingestion is different fromthe fraction absorbed by inhalation. A

large fraction of the cadmumin the tissues is slowy excreted at a
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rate that is proportional to the total anmount present. There will be a
sl ow bui | dup until around age 50 when the anmpunt |eached fromthe tota
body burden is the same as the amount deposited. Once this point is
reached the body burden will remain constant. The assunption of no
change in body burden after age 50 provides us with a convenient upper

limt on burden and a cutoff on tinme of exposure

To apply the above nodel it is necessary to know the |evels of
cadmumin food, water, and air that will cause equal rates of buil dup
in the body. The anount we use as a reference is a daily concentration
of 1 ug/m3 of cadmumin air. Fromthe data shown in Table 7-1, we
estimate that 24 hours exposure to air containing 1 ug/ms of cadmumis
equi valent to a daily ingestion of 166 pg via food and water. (This
cal cul ation assumes that cadm um absorption via the gut is as high as
via the lungs--a probable overestimate.) The nultiplier for the two-
sigma confidence levels around this value is about 2.0

Actual Iy cadm um dust concentrations of 1 ug/m? are much higher
than average. Concentrations averaging 1 ug/nF or nore can be found in
factories where cadmumis a major part of the industrial process and
no precautions are taken. According to Friberg,®® the nmaxi numaverage
value reported at a U S. nonfactory location was 0.05 ug/m?. The val ue
for |ower Manhattan was 0.02 ug/n?, and val ues for nonurban sites were
0.003g¢g/m3. Ingestion fromwater averages |ess than 2 pg/day--the
equi val ent of 0.01 ug/m? or lessinair. On the other hand;, the cadm um
content of food in the daily American diet averages about 50 pg/day. Ex-
pressed in equival ent ug/m?, it ranges fromabout 0.10 to 0.70 ug/u? W th
an average of about 0.30 ug/m;.

58
L. Fiberg et al., "Cadmum in the Environnent: A Toxicol ogical and

Epi dem ol ogi cal Appraisal," APTD-0681; PB-199-795, prepared by the
Karolinska Institute, Stockholm Sweden, for the U S. Environnenta
Protection Agency, Ar Pollution Control Ofice (April 1971).
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Table 7-1

QUANTI TI ES USED TO ESTI MATE EQUI VALENT CADM UM | NTAKE

Quantity Low Mean | High Sour ce
Mean daily vol une of
ai r breathed (m3) 17.5 (20 23 Human Fact ors Handbook
Fraction available of
cadm um inhal ed .10 .25 .40 |Friberg et al. (Ref. 58)
Fraction avail abl e of
cadm um i ngest ed .01 .03 .05 |[Friberg et al. (Ref. 58)

Tobacco, particularly that in cigarettes, contains appreciable
amounts of cadm um which on burning passes into the tobacco snoke. As
a consequence, there has been some concern about the anount of cadm um

® seens

deposited in human tissue as a result of snoking. Lewis et al.,®
to have done the nost recent work in this area. |Ignoring certain ques-
tions about their experinmental nethods, analysis of their results indi-

cates that:

e |n the absence of other factors, the total cadm um burden
of noderate to heavy smokers is about two and a half times
that of nonsnokers.

e |In the absence of other factors, the total body burden of
ex-smokers and of other kinds of snokers is about one and
a half tines that of nonsmokers.
These assunptions break the popul ation down into three groups:
(1) nonsnokers; (2) ex-snokers, |ight smokers, and others; (3) noderate
to heavy snmokers. Since we are prinmarily concerned with long-term

59
G P. Lewis, W J. Jusko, and L. L. Coughlin, "Cadm um Accumulation in
Man:  Influence of Snoking, Cccupation, Alcoholic Habit, and D seases,”

J. of Chronic Diseases, Vol. 25, pp. 717-26 (1972).
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exposures, we have defined the distribution of the three classes in terms
of the age 50 popul ation, making a mdpoint interpolation between data

on snoking habits for 1959 and 1965, and taking into account gender-
rel at ed snmoki ng habits.®® The percentage of nonsnokers is taken to be

65 percent, the percentage of light snmokers is taken to be 10 percent,

and the percentage of noderate to heavy smokers is taken to be 25 percent.

Thus nost Americans acquire cadmummainly as a result of ingestion
(and, for snokers, through smoking), rather than through breathing of
cadmumin air. Average total rates are equivalent to 0.3 ug/m? air
concentrations for snokers and upwards of 1 ug/m3 for heavy snokers.

Figure 7-1 presents the basis for relating cadm um produced nortal -
ities to cadmium exposures. The figure reflects estimates for cadm um
in food, water, tobacco, and air, which were converted to equivalent air
exposure (expressed in equival ent ug/uﬁ) and nultiplied by the years
of exposure. Units in the abscissa are |abeled "equival ent" pg-years/m3
because of the various routes by which cadm um can enter the body, and
because, even with actual cadmiumdust in air, the exposure need not be
full time (e.g., as in industrial exposures)

Dose- Danage Lower Linit

The | ower dose-danmage |ine was established fromclinical studies
of abnormal anounts of protein in the urine (proteinurea) of workers
exposed to high cadmium air concentrations. Wrker synptons were then
related to actuarial data on death rates from proteinurea. This clinica
function seems reasonably wel | -based, but it presents only one of the many

potential causes of cadmumnortality. To estimte dose, the nean time

60E, Hanmond and L. Garfinkel, "Changes in Cigarette Snoking 1959-1965,"
An _J. Public Health, Vol. 58, No. 1, pp. 30-45 (January 1968).
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of enploynent for the workers was determned by the research teamled by
Lauwerys®® fromconpany records, and multiplied by his estimte of average
cadm um dust concentration in the air. The workers were exposed to cad-
mumin the factories roughly one-fourth of the time during their enploy-
nent. To generalize on these results, we assune that the Lauwerys sub-
jects were only exposed to normal ampunts of cadmumin air, water, and

food when away from the factory.

Mrtalities associated with proteinurea are based on data appearing
inaUS. Public Health Service report.®2 That report estimated that if
the entire popul ation were given a scanning test for excess proteinurea
there would be 600,000 positive results, and the expected annual excess
deaths in the group with positive test results would be 14,500: a rate
of 2,417 per 100,000. To obtain the rate for cadm um workers, we must
multiply this excess death rate by the fraction of exposed workers who
have proteinurea. Results of the calculation are shown by the |ower
line in Figure 7-1. Its straight line formwas considered adequate for
the purpose, considering the variability of exposure times and the un-

known error in the cadm um concentration estinates.

Dose- Damage Upper Limt

The high-risk estimate of Figure 7-1 was obtained from studies by
Hickey®3 and Carroll®% of the relation of the cadmium content of urban

air to disease of the cardiovascular system and fromBerg and Burbank's

1R. R Lauwerys et al., "Epideniological Survey of Wrkers Exposed to
Cadmum"” Arch. Environ. Health, Vol. 28, No. 3, pp. 145-8 (March 1974).

82nKidney Di sease Program Analysis," a report to the Surgeon General,
Public Health Service Publication No. 1745 (1967).

83R. J. Hickey, E P. Schoft, and R C. delland, "Relationship Between
Air Pollution and Certain Chronic Disease Rates," Arch. Environ. Health
Vol. 15, No. 6, pp. 728-38 (1967).

64R. E. Carroll, "The Relationship of Cadmumin the Air to Cardiovascul ar
Di sease Death Rates," J. Amer. Med. Asscc., vol. 198, No. 3, pp. 267-70
(17 Cctober 1966).
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study®® of the relation of cadmumin water to cancer. The data are com
bined into a single curve, and the uncertainties associated with this

curve are discussed. As will be seen, both results may only be corre-

lations rather than denonstration of cause and effect.

Using statistical data fromthe public Health Service, H ckey and
Carrol derived a mathematical relationship that indicated that people
living in urban environments with a high cadmum content suffer a higher
death rate from heart disease than people living in a |ow cadm um environ-
ment.53, 84,68 Hea|lth effects considered included chronic and unspecified
nephritis and other renal sclerosis (International Cassification of
Di seases 592-594), diseases of the heart (400-402, 410-443), diseases of
t he cardiovascul ar system (330-334, 400-468), arteriosclerotic heart
di sease (420), hypertensive heart disease (440-443), diabetes nellitus
(260), general arteriosclerosis (450) and malignant neopl asns of the
respiratory system (160-164). The nore inportant regression equations
indicated statistically significant correlations between the incidence of
di seases of the heart and the concentrations of cadmumin the urban air

of most mgjor U S cities.

Q her investigators have disputed these conclusions by claimng (1)
faulty analytical techniques, or (2) stronger statistical correlations
with population density. However, our intensive review indicates that
the evidence based upon statistical inferences is reasonably well-founded

and cannot be ignored. At the sane tine, the Hckey and Carroll data

663, W Berg and F. Burbank, "Correlations Between Carcinogenic Trace
Metals in Water Supplies and Cancer Mortality," pp. 249-64 in "Ceo-
Chemi cal Environnent in Relationship to Health and Disease,” H C.  Hopps
and H L. Cannon, editors, Ann. N.Y. Acad. Sci., Vol 199 (28 June 1972).

68"yital Statistics of the United States 1969, Vol. Il-Mrtality, Part
B," Public Health Service, National Health Center for Health Statistics

(1973).
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cannot be accepted literally. If their data were extrapol ated to the
maxi num exposure found in the Lauwerys data, 463 pg yr/m; over a 28-
year period, fewer than one percent of the subjects would have survived.
(The principal assunptions used in this extrapolation are that any heart
deaths in excess of 280 per 100,000 per year are due to cadmumin air,
that the currently reported concentrations represent the endpoint of a
l'inear buildup over 59 years, and that the excess death rates apply to
peopl e 50 years or older.) The observation |eads us to believe that in
the urban environnment, the observed air concentration correlation wth
heart nortalities is a surrogate for some nore basic effect such as that

of arsenic, rather than a direct cause

Under the current view, cadmumnormally enters the human system
primarily via food, and secondly through water. Since the food consuned
in most urban environments normally cones from a nuch wider and prinarily
nonurban region, we have assuned that urban air readings are partially
correlated with water concentrations, but not with food concentrations.

To treat the water relationship quantitatively, we have assuned that for
every additional nanogram per m3 in air above the "uncontamnated" |evel
of 1 ng/m3, the local water concentration will increase 0.5 ug/liter

above its "uncontam nated" level of 1 ug/liter.

Tabl e 7-2 shows our derivations fromthe H ckey-Carroll estinmates
of excess heart death rates for people over 50. It incorporates our
assunptions concerning cadmum intakes from all three sources--air,
water, and food--for urban areas, when the air readings are 0.001 and

0.04-ug/m;, respectively.

Anot her statistical correlation, by Berg and Burbank8% has inpli -
cated cadmum in water as a factor in all cancer (International Cassifi-
cation of Diseases, pp. 140-205). Since neither regression equations

nor original data were given, the dose-damage correlation was derived by
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Table 7-2

CADM UM | NTAKE AND HEART DEATH RATE CALCULATI ONS

Ref erence El evat ed
Level Level
Recent . environmental air concentrations
(ug/m™) 0. 001 0. 04
Average in air (p,g/m3) over 50 years 0.001 0.02
Average ingested in water (ug/day) 0 20
Average ingested in food (ug/day) 50 50
Total ingested (ug/day) 50 70
| ngest eg equi val ent air concentration
(ng/m) 0.301 0. 422
Total equivalent air concentration
(ug/m>) 0. 302 0. 442
50-year equival ent air exposure
(ug-yr/m3) 15. 1 22.1
Correspondi ng annual heart death rate
(per 100, 000) 280 406

*

Using nean estimate of 1/166 for conversion factor.

Sour ce:
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regression from Berg's graph showing the colon and rectum nortalities
(153-154) as a function of cadmumin water. The total cancer nortality
rate was derived by multiplying Berg's dose-danage points by the ratio

of total cancer deaths to the colon and rectum cancer deaths, as reported

inthe US. Vital Statisticses for 1969.

As was the case for the heart data, there are good reasons why the
Berg data cannot be interpreted literally. In the first place, our
reference level for the normal cadmumcontent in water, 1 pg/liter is
significantly higher than the values used by Berg and Burbank, which
averaged only 0.11 ug/liter of cadmum  Secondly, if the reported water
val ues are converted to equival ent ug-yr/m?, a dose-damage slope steeper
even than that fromthe heart data is obtained. The Lauwerys subjects
woul d have been less likely to survive cancer than they would have heart
di sease. Thus, the best hypothesis for the denmonstrated correlation be-
tween basin-w de cadm um concentration in water and excess cancer nortal-
ities is that the concentration values nust be a surrogate for some nore

basic effect, rather than a direct cause

The nost inportant analytical condition for cancer nortalities has
to do with how the basin-w de observations are related to the amounts
of cadmum ingested via air and food. The basic assunptions used here
are that the effect of air is negligible and that there is a linear re-
lation between water and food. This set of assunptions is based on (1)
the known quantities of cadm um people inhale or ingest, via air, water
and food, and (2) the hypothesis that water concentrations affect food

concentrations for |ocal residents.

The dose-damage results for cancer nortalities were conbined with
the result for heart nortalities to produce the upper line in Figure 7-1
Confidence limts were calculated for each source curve, but since the
range of the confidence limts was small relative to the spread between

source curves, these limts are not considered further. The large spread
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between the source lines is, unfortunately, representative of the cur-
rent state of the art in estimating the potential health effects of cad-
mum pollution. In view of this last observation, we have used these
curves as bracketing, rather than as additive, neasures of cadmum
related nortalities. An expected value curve was constructed by bisect-

ing the vertical distance between the source curves.

Ef fects of Popul ation Mbility on Cadm um Mortalities

The cadm um distribution processes nodeled in Chapter 6 indicate
that the hazard is localized. Thus, only the community in which the
em ssion takes place is likely to show significant increases over back-
ground. As a consequence, both the nunber of people who have lived in
the comunity and the length of tine they have |ived there are inportant
considerations in determning the health risks associated with the cad-

m um emi SSi on source

In the United States, roughly 20 percent of the popul ati on noves
every year, but only 6.7 percent of U S. popul ation makes an out - of -
county move. W will assune that only an out-of-county nove places a
person beyond the effective range of the enmtter. Figure 7-2 shows the
cunul ative distribution of exposure tinmes for the popul ation currently
living in a community with a significant cadmumenmtter. The figure
shows that after 10 years less than 50 percent of the original population
remain, after 30 years |ess than one-tenth remain, and after 50 years
less than two percent remain. These numbers illustrate the fact that
al though body burden can increase until age 50, very few people wll

spend all of those years in a cadm umpol|uted environnent.

To account for nost people's limted tinme exposure, we nake the
sinplifying but conservative assunption that the emtter has been in the
comuni ty | ong enough to reach a steady-state environnental contam nation
l evel, and that the comunity's population also is in equilibrium Thus
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each year a group of people who lived in the conmunity no |onger acquire
an excess body burden because they nove, or because they reach age 50

O the conmmunity's popul ation 6.7 percent nove away and 1.1 percent
reach age 50 each year, so that 7.8 percent cease collecting neaningful
exposures. Under the steady-state assunption, they are replaced by a
new 7.8 percent of whom 6.7 percent nmove into the comunity and 1.1 per-

cent are born there.

It will also be conceptually useful to assune that (1) all people
| eave or enter the community at the sane tine, say the beginning of each
year and (2) that, at nost, people will only have one significant expo-
sure to cadmum i.e., if they leave they do not return. In the present
context, both of these assunptions have a negligible effect on the out-

cone.

Let nt(J) be the nunber of people who have been exposed for t years
at time J, and let P be the probability of termnating exposure after

any given year. Since the exposure process has reached equilibrium
n (J+1) = nt(J) (7-1)
for any t and J. Therefore we can drop the J notation and note that at

the end of each period, ntP will termnate their exposure. The nunber

of people who will be exposed for t+1 years is given by

n = nt-ntP = nt(l-P) (7-2)

e+l

and by iteration fromtime 0

n_ = no(l-P)t (7-3)
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Now at any given time the nunber of people in the various year groups
must sumto the total size of the popul ation being exposed, S, i.e.,

49

dom =5 . (7-4)

t=0
Conbi ni ng Equations (7-3) and (7-4) and converting the series, we obtain

n [1-(1-D)°] n

Q
s = = =3 (7-5)

Thus we can define n by
n =PS . (7-6)
Let £, be the fraction of the population with an exposure of t years

£, =n/S . (7-7)

Conbi ni ng Equations (7-3), (7-6), and (7-7) we obtain
' t
£, =P(1-P) . (7-8)

Finally, if we synbolize the fraction of total population with an expo-

sure of t or less years by F_, We can wite
t

t+l
Ft=th=1 - (1-P) . (7-9)
t=0

7-15



This last result is the equation used to conpute the cunul ative probabil-

ity result shown in Figure 7-2.

The inplication of interest is the effect of operating a cadm um
plant without inproved controls for another year. Continuing operations
wi Il of course expose each individual in the local group to one nore
year of dosage, but the individual effects are difficult to summarize
because prior exposures vary. An easier way of nmeasuring the overal
effect is to conpare the dose distributions of the [ocal population at
the end of the extra year for the alternatives of continued operation

versus shutdown of the plant.

If the plant shuts down at the beginning of the year, then al
dosages remain the sane as at tine t, If it continues to operate, all
residents except those who nove away or reach age 50 advance one year in
exposure and a new group of n peopl e receive their first year of expo-
sure. Since the systemw |l continue to operate in environnental equi-
librium the nunber of people being exposed will remain the same as be-
fore tine t,» but the "graduates,” (those leaving and reaching age 50)
wi Il account for the increnental dose burden caused by the year of con-
tinued operation. Let né, the difference between the nunber of |oca
residents with t years dose at the beginning and those with t+1 years
dose at the end of the continued year of operation, represent these in-

cremental graduates. Thus,

r _ _ t t+l
n =n_-n_, =0 (1-P) - n_ (1-pP) . (7-10)
Sunmi ng over all year groups gives us the sumof the incremental gradu-
ates, S

49

7 7 50
" = E n_ = no[l - (1-p)7 ] = n_ . (7-11)
t=0
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The distribution of exposure tines anong the graduates can be represented

by the cumul ative fraction Ft.

t t n -n (1-P)t+l
)

2 - ~1 - (1-p)tTT
= O : (7-12)

Note that this result has the same formas Equation (7-9). Equations
(7-11) and (7-12) together conpletely describe the effect of operating
the plant for one additional year. Equation (7-11) tells us the net
nunber of people with increased exposure times is equal to Ny whi ch
Equation (7-6) equates to the mobility percentage P (7.8 percent in our
case). Equation (7-12) gives the distribution of exposure tines for

these people, which turns out to be the distribution of Figure 7-2

Overall Cadm um Mortalities

The normal contribution fromthe environment nust be added to the
local air effects. As noted, this contribution is dom nated by the food
conponent which is assumed to contribute 50 pg per day--equivalent to
raising the environnental air level by 0.3 ug/m?. VW should add that
this portion of the body burden is acquired frombirth until age 50,
rather than just during the time spent in the |ocale containing a cadm um

emtter.

G ven the above information, and some exposure |level in the polluted
| ocal area, we can conpute the body burden in equival ent ug-yr/n?. To
relate this value to a decrease in life expectancy, we proceed as foll ows.
Body burden is converted to nunber of excess deaths per 100,000 from
Figure 7-1. Mst of these deaths are in the over-50 age group; excess
deaths from cadmum prior to age 50 are trivial. Since the over-50 popu-
| ation conprises about 25 percent of the popul ation, we nmust multiply

the excess death rate for the general population by a factor of 4 to
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determ ne the excess rate in the over-50 group. The reciprocal of the
normal plus excess death rate equals their average life expectancy. Sub-
traction of this |ife expectancy from20 years (the average age of dying
for people at 50 was conservatively taken to be 70) then gives the life

shortening due to the extra cadm um exposure.

Ri sks of Cadmiumto the General Popul ation

V& have chosen to state the health risks of cadmumin ternms of
life loss. The direct and indirect risks of illness nmight also be con-
sidered, but these other econonmic effects are generally smaller, particu-
larly for such risks as cancer and circul atory diseases.®? Furthernore,
the "willingness to pay" concept of risk evaluates all subjective safety

risks in ternms of mortality cost, so the other risks can be neglected.s8,6°

To determne the nunber of people exposed to cadm um around zinc
smelters we have assumed a constant popul ation density of 100/km? and
integrated their exposures over (1) distance and (2) time spent in the
area. The mobility model inplies that each year 7.8 percent of the popu-
lation of a risk area cease to acquire additional body burden. The tota
annual life shortening suffered by the departing 7.8 percent serves as

the measure of annual life shortening effects anong all the people exposed.

67D, P. Rice, "Evaluating the Cost of Illness,” HEW Public Health Service
Table 3.1 (May 1966).

68E. J. Mshan, "Evaluation of Life and Linmb: A Theoretical Approach,"”
J. Political Econony, Vol. 79, No. 4, pp. 687-706 (July-August 1971).

897, Hrshleifer, et al., Applying Cost-Benefit Concepts to Projects
Wiich Aliter Human Mortality, Univ. of Calif., Los Angeles (Novenber
1974).
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To carry out the integration process we proceed as follows. The
people at risk are partitioned into groups with simlar distance and
duration of exposure, using Figures 6-2 and 7-2. W cal culate the nunber
in each group and their average dose. Wth the aid of Figure 7-1, the
excess death rate is obtained and added to the nornmal death rate, 0.05
The reciprocal of this sumis the average |ife expectancy (for 50-year-
old people). Subtracting life expectancy from20 years, the nornal life
expectancy, gives us the average life shortening for the group. Summ ng
the product of number of people times years |lost over all groups at risk
produces the total nunber of person-years of, life shortening. To obtain
the average nunber of years of life shortening per person, we divide by

the total nunber of people at risk.

Results of integrating by this method for U S. snelters indicates
that for each year we continue to operate the snelters, 33 people anong
the U S. popul ation |ose 166 person-years fromlife shortening. The

average years lost per fatality is 5 years.

By using the same nethods, we conclude that nunicipal incinerators
constitute a much less serious cadmum problem The area of significant
smelter effects was found to be | ess than 100 kmz. In this range the
incinerator generated pollutant levels are |less than 1/1000 of the
snelter-generated incinerator levels, so instead of the 166 person-years
quot ed above the |ife shortening is |ess than one (and probably |ess

than one-tenth) person-year.

Asbest os Exanpl e

In this subsection, the data on asbestos air concentrations are
conbi ned with dose-danmage relations to arrive at the risks to health from

ashest os.

Significant data exist on several asbestos-related health effects

These data have been obtained from studies of various types of asbestos
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wor kers, and have been used to relate estimtes of exposure to the
various health effects. Furthernore, the principal node of entry into
the human body for asbestos appears to be via the lungs (EPAis currently
supporting work to better define the hazards of other ingestion modes).
Consequent |y neither a basic body burden nodel, nor a systemfor convert-
ing ingested or tobacco-related asbestos to equival ent anobunts in the
air is required.

The principal known health effects produced by asbestos are:

« Respiratory system di seases, such as pneunocosis, pul-

monary fibrosis, and asbestosis.

e Respiratory system cancers, such as those of the lung
bronchus, trachea, and pleura

» Mesothelioma: a rare cancer of the chest cavity asso-
ciated primarily with asbestos exposure.

For asbestos workers, mesotheliona appears to be the nost significant
asbestos-rel ated cause of death. Qher cancers, taken as a group, appear
to be roughly conparable, while asbestosis produces about one-third as
many deaths. Asbestosis al so produces a significant number of workers
requiring treatment or conpensation, but these effects are not included
in the present analysis. Various studies of the ingestion of ashestos
primarily via water have concluded that in normal circunmstances, the

amounts involved are too small to produce cancer.

Prior to the discovery of high concentrations of ashestos in the
drinking water of communities near Duluth on Lake Superior, an ashestos
study was undertaken by the American Water Wrks Association Research
Foundation to eval uate whether the use of ashestos-cement pipe was a
heal th hazard.?° |t concluded that although such pipe was a potentia

7oA Study of the Problem of Asbestos in \Water," by the Anerican Vater
Wrks Association Research Foundation, Am_ Water Wrks Assn., Vol. 66,
No. 9, Part 2, pp. 1-22 (September 1974).
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source, the highest concentration of water-borne asbestos would result
in 0.07 gramingested in 60 years. (Amunts inhaled fromindustria
exposures over a simlar period, according to the Enterline group, could
amount to 336 grams.) The Water Works study concluded that there was

no convinci ng nedi cal evidence that these small concentrations in water
woul d produce a risk of cancer. Another group studying the Duluth situ-

ation arrived at a similar conclusion.

The only study inplying that ingested asbestos coul d cause cancer
suggested that the excessive stomach cancers exhibited by a sel ected

Japanese popul ation was caused by the use of talc containing asbestos
as a polishing conpound for rice.?* As a result of the negative findings

of ani mal feeding?® and the |ack of corroborative data fromother statis-

tical studies such as that of Masson,?2 it was decided to exclude asbes-
tos ingestion as a variable in this study.

Dose- Damage Rel ationship

Figure 7-3 is the basis for relating asbestos nortalities to the
pol lution conditions estimated by the methods of Chapter 6. The |ines
shown represent excess death rates caused by the indicated asbestos doses,
measured in nanogramyears per cubic meter. Death rates are obtained by
summing over the individual causes mentioned above. Since nbst measure-
ments are related to ashestos fibers with a length greater than 5 mcrons,
the current industrial standard of five fibers per cubic centineter has
been converted to the grans per cubic neter dosage nmeasure. The confi -
dence limts indicate the uncertainty in death rate associated with a

7LR. R Merliss, "Talc-Treated Rice and Japanese Stomach Cancer," Science
Vol . 173, pp. 1141-2 (17 September 1971).

72T, J. Masson, F. W MKay, and R W MIller, "Asbestos-Like Fibers in
Duluth Water Supply--Relation to Cancer Mrtality," J. Amer. Med. Assn.

Vol. 228, No. 8, pp. 1019-20 (20 May 1974).
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given dose estimate. Since the death rate is an excess rate, associated
with some |level of asbestos dose, an excess rate of zero nust be associ-
ated with a zero dose level. However, we have no idea of what the con-

fidence Limts look like in the |ow dose region.

Four dose/ damage diagrams for respiratory di seases, nesotheliom
other respiratory cancers, and asbestosis were derived fromindustria
data of Enterline,?® Roach,?% Bruckman,®5 and Selikof£f.”5 The di agrans
are shown in Figures 7-4, 7-5, 7-6, and 7-7. Three of them are curvi-
linear rather than straight line approximations to the original data
but linear estimtes have been used to synthesize overall asbhestos nor-
talities in Figure 7-3. Al show asbestos exposures in fiber-years per
cc (for fibers sizes greater than 5 microns) versus death rates, except

the last which gives rates of asbestos illness

W encountered several uncertainties in the original data. The
Enterline doses for cancer and respiratory di seases were neasured in
mllions of particles per cubic foot (MPPCF) by the "inpinger" nethod.
In contrast, the asbestosis dose/damage curve was devel oped using a mem
brane filter and counting asbestos fibers greater than 5 mcrons in
length. NIOSH has recently accepted the latter data as the best avail-
abl e and has established U S. working place standards in terms of fibers

per cc (longer than 5 microns).

73p, Enterline, P, DeCoufle, and V. Henderson, "Mrtality in Relation to
Cccupational Exposure in the Asbestos Industry," J. Cccup. Med., Vol.
14, No. 12, pp. 897-903 (Decenber 1972).

74s. A Roach, "Hygiene Standards for Asbestos,” Ann. QOccup. Hyg., Vol
13, pp. 7-15 (1970).

78I. J. Selikoff, "Asbestos Criteria Document Hghlights," ASSE Journal,
pp. 26-33 (March 1975).
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PERCENTAGE INCIDENCE OF ASBESTOSIS
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To reduce the Enterline dosage data from MPPCF-years to fiber-
years/cc the conversion factors suggested by Ayer?s, 77 were used. Unfor-
tunately, Ayer presents a grand nean conversion ratio (fibers/ MPPCF =
5.4) from measurenents covering a range of alnmost four to one. They were
made at four different plants that enployed five different operations to
process ashestos fibers. The range in conversion factors placed w der
limts on the data than the uncertainty in dosages, so the conversion
ratios may be assuned to be neasures of reliability of the data. In
Figures 7-4 and 7-5, the grand mean conversion factor fibers/MPPCF =
5.4 was used as the best estimator of the nean, and the extrene conver-

sion factors were used as confidence linmits

There were other data reduction problenms. For asbhestosis, the
British (Roach,?7° Lane?8) include a confidence |level of one percent risk
of asbestosis in their estimate of the exposure. The values estimted
are a nmean = 112 fiber-years/cm; and | ower confidence (two-sigma) limt
of 51 fiber years/cn? at the 90-percent level, or a confidence multiplier
of about 2. The Enterline data on cancer and respiratory di seases im

plied a tw-sigma confidence limt nultiplier of about 1.3

The mesot hel i oma di agram presents the |argest uncertainty of al
because of conflicting statistics in two references, both attributing
their original data to the same source. Qur derivation from data reported

76H. D. Ayer and J. R Lynch, "Mtes and Fibers in the Air of Ashestos
Processing Plants and Hygienic Criteria for Airborne Asbestos,”
pp. 511-22 in Inhaled Particles and Vapours 11 (Pergamom Press, 1965)

77H. E. Ayer et al., "A Conparison of Inpinger and Menbrane Filter
Techni ques for Evaluating Air Sanples in Asbestos Plants,” pp. 274-87
in Biological Effects of Asbestos, Ann. N.Y. Acad. Sci., Vol. 132
(Decenber 1965).

78R. E. Lane et al., "Hygiene Standards for Chrysotile Asbhestos Dust,"
fromthe Cormmittee on Hygiene Standards of the British Cccupationa
Hygi ene Society, Ann. Cccup. Hyg., Vol. 11, pp. 47-69 (1968).
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by Bruckman3® Yyiel ded a dose-damage curve five tinmes as steep as the
curve fromdata reported by Selikoff.7s |f these are considered as a
sanple of two in a log normal distribution, the two-sigma confidence
limts will be nultiplying and dividing factors of 10 about the geonet-

ric nean.

Conversion of industrial exposures into units that are consistent
wi th continuous exposure to ambient air concentrations of asbestos re-
quires a conversion fr0n1fibers/cm? (greater than 5 p) into absolute
wei ght concentrations. The convention of Bruckman was used. Dose-
damage di agrans constructed by this nethod provide the basis for the

total fatalities predicted in Figure 7-7.

Anot her major uncertainty in the above data is the determnation
of the dosage, since from20 to 40 years el apse before detrimental health
effects become apparent. Throughout the devel opnent of the dose/ damage
diagrams in this report, one of the basic assunptions was that the dosage
occurred year after year, throughout the workers lifetime. However
Selikoff points out that "years of exposure" are not necessarily synony-
mous with "years fromonset of exposure.” An inportant variable is
| acking fromour predictive dose-di sease response diagram-the residence
tine of the asbestos in the lungs. Therefore, such cancers as nesothe-
lioma may be caused by extrenmely short exposures that trigger the onset
of the disease sone 20 to 30 years later.

Anot her explicit assunption involved in the devel opnent of our
dose/response curves is that there is no safe Level of exposure (i.e.
no threshold Limt) to ashestos dust. W extrapolated the industria

data linearly to zero dosage at zero danmage. Also this extrapolation is

791. J. Selikoff, "Ashestos Criteria Docunent Highlights," ASSE Jour nal
pp. 26-33 (March 1974).
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made bel ow the | owest industrial exposure data. It is assumed that this
treatment of the data must have some degree of validity as a predictive
model since a survey of 17,800 asbestos insulation workers gave tota

fatalities that are in plausible agreement with the curve used here.?®

R sks of Ashestos

As a first approximtion we have assuned that popul ati on movenent
will not affect asbestos dose estimates--since the industrial and other
sources of asbestos pollution are rather widely spread. Aso as a first
approxi mation, the treatnment of l|ife shortening should be the sane as
that used in the case of cadmum

Inspection of Figure 6-3 will show that the maxi mum asbestos expo-
sure Level is about 20 ng/m?. Thus a worst case for a 50-year exposure
by the general public is 1,000 ng/yr/m?. But the dose in Figure 7-3 is
expressed in mllions of nanogram years per cubic meter--a thousand
times as severe. Extrapolating the best estimate line into the | ow dose
region we find that the excess death rate per 100,000 exposures is |ess
than one. Note this is a result to which we can attach, at best, order
of magnitude confidence. However, if the nean curve is at all repre-
sentative, then our result indicates essentially zero health effects for
the asbestos air exposures to the general population specified in Figure
6- 3.

The result shows negligible hazards whether the exposed popul ation
densities are 2,374/km? as estimated in Chapter 4 or 200/km? as estinated
in Chapter 6. But it does not, of course, indicate that hazardous doses
could not be obtained by a relatively few mne, factory, construction

workers, and others who are in close personal contact with asbestos.
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Chapter 8

COMBI NING RI'SK, BENEFI T, AND OTHER CONSI DERATI ONS

[ nt roducti on

Al of the data collected in the foregoing chapters are of little
use for decision purposes until they can be fornulated in some fashion
that will permit conparison of the various considerations involved. The
opti mum manner of fornulating the problem depends on how and by whom the
choice is to be made, which in turn depends on the environnent of the

deci sion situation.

Because these are largely questions of human beliefs and val ues,
it should be axiomatic that the choice of alternatives rest with a human
deci si onmeker, rather than with a fully programed nachine or procedure.
However, attenpts to fully automate social choices have been suggested
in so nmany decision nethodol ogies that some caution is in order. The
nmet hodol ogy illustrated here is not one that pretends independence of
the human decisionmaker. Too many nonquantifiable, incomensurable, and
inconpatible factors are involved to expect that any standard procedure

could be relied on to substitute for human judgnent.

Alternative Criteria Fornulation Methods

Sone efficient protocol for arranging and conparing the data is
obviously needed to help the decisionmaker deal with the conplexities
of the problem Essentially, there are three methods of choosing from
among alternatives. Sinplest is the nethod of choosing on the basis of
one paraneter and ignoring all other considerations. As Chapter 2 illus-
trates, this is the nethod of "zero tolerance" and "permissible limt"
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types of standards that rely only on risk considerations. It is also
the nethod of "best technology," which relies exclusively on economc

or operational feasibility.

The second nmethod is to attenpt to conbine all the inportant de-
cision factors into one overall neasure of value, such as noney, |ives
or "utility" and then to choose as above on the basis of which alterna-
tive has the nost of this neasure. An exanple is the method of conven-
tional cost/benefit procedures, which assunes that all inportant factors
can be expressed and then conpared in dollar terns. As was explained
in Chapter 2, the world is nearly always too conplex for such a nodel.
Even when two incomensurable paranmeters such as risk and benefit are
conbined as the two dimensions of a single diagram they have only re-

duced the nunber of unknown paraneters fromn to n-1.

The third nmethod, nmultiple criteria decisionnmaking, incorporates
the conparison procedures of the cost/benefit method and in addition
uses these criteria as variables and constraints in special ways. Even
this method is not generally able to array decision variables that are
nonquantifiable or incomensurable with each other, but it does incor-
porate a wider and nore realistic picture of nost decision situations

than the other two nethods.

The Recommended Met hod

This third nethod is the one advocated in the present study. Ex-
pressed in its sinplest logic, the multiple criteria nmethod of fornulat-
ing data for decisionmakers involves the follow ng four types of con-

si derations:

(1) The two dominant criteria to be conpared and "traded-of f"
agai nst one another--in this case, risk measured in lives
| ost and benefits measured in dollars--are quantified as
in Chapters 5 and 7. Then their values for alternative
actions of interest are conpared as independent dinensions
in a two-dimensional graph (see Figure 8-1A)
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(2) Next, other incommensurable criteria, such as maxi mum
limts in the risk, benefit or conbined dinensions, can
be added to enclose the possible decision domain. Al
val ues outside of this domain are infeasible (see Figure
8- 1B).

(3) Several iterations of steps (1) and (2) can be made for
different populations or for subgroups of the sane pop-
ulation, to ensure that all population groups fall with-
in the decision domain or neet other common criteria
Distributional aspects of nultiple criteria problens,
such as conparisons of trade-offs anong different geo-
graphic areas, can be examned by this nmeans (see Fig-
ure 8-10).

(4) Finally, a catch-all array of criteria that relate to
the decision problem but are not conparable to the
mul tiple quantitative criteria can be constructed so
that the decisionmaker will have recall access to all
of the significant considerations that mght be expected
to influence his choice (see Figure 8-1D).

Handl i ng Uncertainties

Treatment of uncertainties is of major inportance for any of the
criteria because the uncertainties are nearly always significant and are
sonetines domnant. Furthernore, many of the analytical methods advocated
here accentuate the influence of uncertainties, for exanple: (1) estab-
lishing criteria on the basis of cunulative factors each of which in-
corporates some uncertainty; (2) calculating the ratios of two different
uncertain criteria; and (3) comparing the difference between uncertain
criteria. As will be seen in the next chapter, many decision problens
are nore dependent on the resolution of uncertainties than they are on

the conparison of expected val ues.

For these reasons, uncertainties have been estimated and cumul ated
in the preceding chapters according to estimates of confidence limts
that are based (unless otherw se indicated) on assuned two-sigma devia-
tions fromthe nean of a Log normal distribution. These limts incor-

porate about 95 percent of the expected observations of the assunmed
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distributions. Log normal distributions are assumed because they re-
flect proportional (rather than absolute value) uncertainties that are
nost characteristic of experimental and observational evidence. Also,
log normal distributions best represent the extremely wide uncertainties
(measured in orders of magnitude) that are sometines found in the data
and they are convenient for conbining the uncertainties of variables
(such as dose and damage or benefit and risk) that nust be nultiplied

or divided by each other.

To sinplify the presentation of uncertainties for consideration by
the decisionmaker, the two-sigma confidence limts are graphically illus-
trated as the upper and |ower bounds of a band of confidence around the
expect edvalue.8° |f the criteria are shown in two dinensions, then the
confidence limts in both dimensions can be conbined to form an ova
around the point that represents the expected value. Such linits are
shown in Figure 8-2. (Qher characteristics of the criteria shown in

Figure 8-2 are discussed in the followi ng sections.)

At the sane time, one should not overenphasize the statistical
accuracy of these nethods of estimating and conbining uncertainties.
Many types of distributions cannot be well represented by the |og norna
function; also additive and other types of conbinational operations can-
not be easily performed. However, the current state of the art of un-
certainty estimation for environmental policy-making is so prinitive that
these limtations seem ninor conpared to the extent of other unknowns.
Such nmajor unknowns as those buried in the inprecision of existing

met hods, the synergistic or inhibitory effects of conbining uncertainties,

8op, P. Tihansky, "A Cost-Risk-Benefit Analysis of Toxic Substances,"”
presented at Early Warning Systens for Toxic Substances, Seattle,
Washi ngton, 31 January 1974; published in J. Environ. Sys., Vol. 4,
No. 2, pp. 117-34 (Summer 1974).
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and the effects of factors that have not even been considered will in
general create much w der uncertainties than those of the conputationa

appr oxi mat i ons.

The confidence limts described here should not therefore be ac-
cepted as precise statistical evaluations. Rather, they are approximte
estimates that attenpt to show the first-order effects of conbining the
many uncertainties involved in chains of calculations |eading to each
decision criterion. Even this limted role is indispensable to fornu-
lating an inproved criterion systemfor risk analysis. It is greatly
superior to leaving uncertainty evaluation to human judgment. Humans
are notoriously deficient in conbining uncertainties subjectively, and
they tend unless continually remnded of the presence of uncertainty to

suppress its very existence.

Prinary Trade-off Criteria

In the reconmended multiple criteria approach, two considerations
must domnate just as they do in the nore conventional cost-benefit
approach. In the proposed approach, the two incommensurable considera-
tions are conpared so that relationships between them can be shown with-
out requiring that they be reduced to common terms. (\Were two consider-
ations can be reduced to common terns, they can be conbined into one

di mensi on.)

The two nost significant considerations can vary depending on the
nature of the problem but at least one will nearly always be sone nea-
sure of monetary value. In the cases examned in this study, this con-
sideration is the net non-health economcs benefit of an environnental
control action. Since health effects are the major notive for environ-
mental controls, the net non-health effects are nost likely to be negative
(Such negative effects include higher prices and consequent |ower pro-

duction of the process being controlled, unenployment, unfavorable balance

8-7



of trade shifts, and others discussed in Chapter 5.) Econom c benefits
in this context are therefore best thought of as reductions in benefits
and their graphical presentation is nost conveniently expressed as nega-
tive changes from the existing status quo, which would be |ocated at

the origin as in Figure 8-2.

The second consi deration, measuring sone aspect of the risk, in
this case is the effect of the control on human health. Mre precisely,
it is the effect on death rate, which as with benefits woul d be expressed
as a reduction (see Figure 8-2). Health effects can be expressed in
terms of morbidity, days of disability, or even dollars spent for |oss
of work tine and cost of medical care. However, these other effects are
not explicitly evaluated here. For conpleteness in an overall economc
analysis of such norbidity these effects mght be considered, but as
explained in Chapter 7, they will not significantly nodify the mnethodol ogy

or conclusions of the type of analysis illustrated here.

Conparison of the alternatives is carried out graphically by pictur-
ing the relative changes in risks and benefits in two dinmensions in
Figure 8-2. Their risk/benefit ratios will then be a function of the
slope of the lines connecting themto the origin and to each other. Ad-
ditional criteria can also be considered, as explained bel ow. O her
types of considerations could be used instead of nortalities as neasures
of risk; for exanple, esthetics, confort, recreational value, and ecol og-
ical quality. However, they are unlikely to be as great a concern as
human health and safety in the evaluation of hazardous wastes and woul d
generally, if at all, be included in one of the supplementary considera-

tions that are discussed bel ow

Oher Criteria

Several considerations that are inportant to risk analysis from a
behavioral (i.e., practical decision-making) standpoint can be included
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as constraints to the basic risk-benefit trade-off. These constraints
will tend to limt the domain of feasible or acceptable solutions, so

that certain otherwise desirable alternatives may be elim nated.

Cost Constraint--A practical constraint in nmany governmental pro-

grams is that of the cost of the program |If the costs are to be borne

by the government, they are subject to rather strict overall budgetary

11mits-31 Even if nost of the costs are to be borne by industry or the
public their magnitude will be limted to the reluctance of |egislators
to inpose sudden onerous new burdens. The tendency of public bodies to
follow "increnentalism' in making policy applies here as in other fields.
An exanple is the case of auto em ssion controls, which started nodestly
and have gradually grown to increasingly expensive equipnent, with pro-

portionately increasing counterpressures against further increases

"Maxi num Acceptable Social Cost" has not previously been applied

formally as a limtation to risk-benefit trade-offs, and its specific

limts are not at this tine very well defined. However, its existence

has been well docunented in other budgetary fields, and it is likely

to become nore explicit in federal programs under the new Congressiona

budget limting procedure. In the case of existing budgeted prograns,
changes are likely to be limted to 10
budgets in the absence

short term (one year) increnmenta
percent or so of existing governnent environmenta

of new authorizations. Long-termlinits on acceptable costs are |ikely
to be limted by more fundanental relationships such as how nuch society

is willing to invest in analogous prudently oriented concerns as pre-

ventive nedical care, public health, public safety, and defense. Uncer-

tainties will apply to both short-termand long-termlimts but they wll

810. A Davis, MAH Denpster, and A WIdavsky, "A Theory of the Bud-
getary Process,” The Anerican Political Science Review, p. 542+

( Sept ember 1966) .
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be nmuch greater for the long-termlimts. An illustration of the type
of constraint that Maxinmum Acceptable Social Cost considerations inpose
on the systemis shown in a vertical Expected Value Line in Figure 8-2,
with a parallel Lower Confidence Limt to its left. In many situations
the line would slope upward to the right to reflect the practical trade-

offs that usually occur between cost and risk.

Maxi mum Accept abl e Soci al Ri sk--A conparabl e and better docunent ed

constraint is that of "Maxinmum Acceptable Social Risk.”" This limt is
based on various as-yet poorly understood factors, including the en-
dem ¢ disease rate, voluntary or involuntary nature of the risk, ratio

of risks to benefits, and salience and degree of understanding of the
risk. Chauncey Starr82 points out that while volunteer professional
workers and amateur daredevils are willing to engage in activities up to
a thousand times more dangerous than are other people, the general public
seems unwilling to accept fatality rates from common activities that

are significantly greater than those from disease

Maxi mum Accept abl e Social Risk as a concept can be made nore speci-
fic by a Short-Term Maxi mum Acceptable Social Risk that reflects the cur-
rent standards for any particular social hazard. Starr hinself illus-
trates how risk standards tend to becone stricter over tine as usage and
experience increase, as in the cases of autonobile and air transportation
Chapter 2 of this report describes how particular environmental standards
followa simlar tine pattern in an "incremental " fashion. Analysis of
the current pattern, the tinme-trend from previous standards and anal o-

gous trends for conparabl e hazards should enable one to project likely

future standards.

82C, Starr, "Benefit-Cost Studies in Sociotechnical Systems," pp. 17-42
in "Perspectives on Benefit-Ri sk Decision Mking," National Acadeny
of Engineering (1972).
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Logically, then, one could expect the feasible domain for risk
standards to be limted both in the short-term by proximty to presently
accepted standards and in the long-term by nore fundanental relationships
to the general disease level. An exanple of the short-term type of risk
constraint, together with its [ower confidence limt, is shown in Figure
8-2. (Location of the risk constraint above the status-quo |evel indi-
cates that some reduction in present deaths is demanded. Its horizonta
slope, like the vertical slope of the Maxinum Acceptable Social Cost con-

straint, indicates a possible oversinplification because it neglects any

cost/risk trade-offs.)

M ni mum Reduci bl e Risk--A "Mnimm Reducible Risk" level represents

a residual (i.e., background) absolute risk that remains after all feasible
precautions have been adopted. This constraint can be particularly use-

ful in some anal yses because it can be fixed with reasonable precision

and thereby it establishes a ceiling to the decision domain. A Mninmum

Reducible Risk limt is shown at the top of Figure 8-2

Life Valuation--The problem of valuing human life remains an obdu-

rate one in law, welfare economes, and risk-benefit analysis even
though consi derable progress has been made in recent years to resolve
the theoretical issues. Mishan®2® maintains that such life-valuing neth-
ods as potential future earning power, net future value to society, so-
cial evaluation as reflected in political decisions, and incentives to
purchase life insurance are all inadequate as measures. The nost theo-
retically valid measure, according to the Pareto criterion of socia

welfare, is the worth to an individual of reducing his own risk of death

as derived fromhis "reveal ed preference''s® (see di scussion in Chapter 7).

83E, J. Mshan, "Economcs for Social Decisions," El ements of Cost-
Benefit Analysis (Praeger Publishers, New York, 1973)
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Thal er and Rosen®* have estimated this worth to Anerican workers as about
$200, 000 in 1967 dollars. Melinek85 estimates by sinmilar nethods that
val uations by the general population in Britain are slightly |ower:
£50,000 or $120, 000.

Many peopl e object, however, to society itself establishing such a
value, and so explicit valuation in governnent planning and standard
setting has remained controversial. The methodol ogy advocated here
avoids explicit valuation because risk neasurenent is separated from nea-
sures of econonics benefit. The two can be sinply related however, by
the angle of lines drawn between alternatives in Figure 8-2. For exanple,
the slope of a line drawn from the status-quo point at the origin to any
alternative (which equals the reduction in benefits + the reduction in
deaths) represents the inplicit life valuation of that alternative. Such
a line is drawn through Alternative B in the figure. If a decisionmaker
chooses some alternative, he therefore can tell from this fornulation
what his implicit valuation of human life is. Conversely, if he values
human |ife at not |ess than some particul ar anount, he can consider only
alternatives that lie above that value line

Ri sk Aversion--Alnost all people except ganblers have an aversion

toward risk; such aversion accounts for the popularity of the insurance
industry.  Several ways can be found to account for various aspects of
risk aversion in the display graphs. Probably the best method (not shown
here but discussed in the next chapter) involves decision procedures

that discrimnate against alternatives with the larger confidence rings

which inply greater uncertainties.

84R, Thaler and S. Rosen, "The Value of Saving a Life: Evidence from
the Labor Market," paper presented 30 Novenber 1973; published by
Univ. of Rochester

8565, J. Melinek, "A Method of Evaluating Human Life for Economic Pur-
poses," Fire Research Note No. 950, Herts., England (Novenber 1972).
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Distributional Conparisons

Trade-of f conparisons between risks and benefits can only be cal cu-
|ated for one interest group at a time. The inportant distributional
question of who within or beyond that one group takes the risks and who
receives the benefits cannot be answered by that one trade-off conpari-
son. To answer distributional questions, trade-off calcul ations woul d
be made as feasible for each separate interest group of concern to the
deci si onmaker, so that conparisons can be made of differences anong the

trade-offs of different interest groups as shown in Figure 8-1(C).

Conventionally in studies of national environmental standards,
ri sk-benefit conparisons are made for the nation as a whole. To allow
for distributional considerations, many other risk-benefit conparisons

m ght be made for such special groups as:

e Local hazardous waste producing areas.
o Local areas nearby but not part of the producing areas.

e Local or regional areas with consuner rather than pro-
ducer interests.

e Future popul ations of producing or consumng areas.
e Specialized occupational groups and their famlies.

e Special-interest affiliations such as incone classes
or ethnic groups.

Suppl enentary Criteria

Some criteria sinply cannot be integrated with others in any formal
way. Nevertheless, they should be arranged together as proposed by Abels®
and illustrated in Figure 8-1(D) so that the decisionmaker will be able

to consider all mgjor factors in one group. In a formal procedure such as

86F, H Abel and D. P. Tihansky, "Methods and Problens of Estimating
Water-Quality Benefits," Amer. \Water Wrks Assn. J., Vol. 66, No. 5,
pp. 276-81 (1974).
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standard-setting, where admnistrative and judicial review are always
possible if not probable, it is inportant to make as all-inclusive a
listing of this type as possible, so that interested parties wll be
able to see that considerations considered relevant by them have in

fact been included in the evaluation process

Cadm um Exanpl es

Presentation of results will depend on the hazardous waste, the
deci si onmaker, the decision process, the type of situation to be decided,
and other factors. However, the general process can be followed through
for specific emssion control alternatives to illustrate the kinds of
information and presentations that can be anticipated. Since in our
present exanples, we only have one alternative that meets the contro
problem we will conpare the distributional aspects of that alternative
in our presentations. Risk-benefit trade-offs and other considerations
will be conpared in each problemfor the nation as a whole versus the

| ocal producing areas.

Zinc Snelter Scrubbers

Among the exanples studied for this report, the nost interesting
and significant is perhaps that of |inestone scrubbers as applied to

cadm um em ssions by zinc snelters. For the risk variables, Chapter 7
reports that about 166 person-years can be saved by cadm um reductions

in the first year after inposition of scrubber controls on the nation's
zinc smelters. Reference to the confidence limts of Figure 7-3 indicates
that the saving mght range between about 100 and about 360 person-years
per year of controls. Lives saved are those of people residing near the
snelters (within 30 kilneters), so the risk reduction in the local pro-
ducing areas is essentially the sane as for the nation as a whole. The

maj or difference is that population mobility is so great that the |oca
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area Wi Il not have to continue to be responsible for nost of the people
now bei ng exposed because they will have nmoved, but the federal govern-
ment will still in nost cases have to be concerned. This difference is

not considered here.

The nost significant direct national cost resulting fromthe new
controls and their effects on zinc prices are a loss of Goss Nationa
Product: $21 million per year (from Table 5-2). Al though the |oca
zinc-producing areas contain only one percent of the US. population, the
| ocal economic |osses are two-thirds as high as the total national |oss
$14 mllion, because they include local multiplier effects that cance
out at the national level. Confidence limts for both national and |oca
| osses are estimated as nultiplier and divisor factors of 1.7. A graphic
illustration of these trade-offs is shown in Figure 8-3.

Anong the other possible considerations, no Mximm Acceptable Social
Cost was identified because to do anything at all would require initia-
tion of a new national program but the cost magnitudes envisaged do not
appear to present any overriding difficulties to federal financing. The
M ni mum Reduci bl e Ri sk al so cannot be related to this chart because no
sinple procedure can be applied to both national and local total |ives

saved.

However, the Wrld Health Organization reconmended val ue of Maxi num
Acceptabl e Social Risk of 60'wg/day (mentioned in Chapter 2) could place
a severe constraint on the acceptable domain of cadm um controls. To
sinplify calculations for an approximate estimte of this constraint, we
first must subtract the average 50 wg/day average ingestion fromfood
and water. The margin for contributions, from other sources then averages
only 10 pg/day, which i s equivalent to 60 ng/n? continuous exposure in
air. Figure 6-2 shows that 60 ng/n? is only one-fifteenth the current
maxi mum exposure from snelters, so not nore than about one-fifteenth the
current deaths fromsnelter enissions should be allowable under this

st andar d.
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Therefore, the nean value of lives saved under the WHO standard
shoul d be about'14/15ths of the lives saved by perfect smelter controls.
Since the proposed controls that save 166 persons-years are only 95 per-
cent perfect, the required nmean savings under the controls is 166 X 14/15
+ 95% = 163 person-years. The upper confidence limt is applied in the
same way to the maxi num expected |ives saved by smelter controls to
equal 354 person-years. These limts, shown in Figure 8-3, indicate that
the proposed scrubbers are only mninally effective in neeting the WHO

st andar ds.

Another criterion that can be illustrated in Figure 8-3 inplies a
contradictory conclusion. If a Valuation of Human Life analysis is
desired the "Lives Saved" vertical scale nust be converted from person-
years to actual lives. For 50-year-olds with a life expectancy of 20
years, the ratio is 20 person-years to one life. But nost |ife val ua-
tions are based on an average popul ation, which for calculating we assune
average 35 years old with a life expectancy of 35 years. They expect 35
person-years per life. If we inflate the aforenentioned average 1967
life value of $200,000 to $300,000, the value per person-year wll then
be $8,700. The value of 166 person-years will only be $1.45 nillion
which is barely one-tenth the Iocal cost of the snelter scrubbers and an
even smaller fraction of the national cost. Scrubbers, therefore, do
not appear cost-effective in protecting against cadmum  (Their effec-
tiveness against other contaminants such as heavy metals, 80,, and ar-
senic is not estimated here although it is obviously relevant to overal

scrubber val ues.)

Finally, the kind of supplenmentary criteria that cannot be inte-
grated into the chart can be gathered together with the above criteria
in the manner described for Figure 8-1(D). This type of information for
the case of a potential cadmum snelter control is shown in Figure 8-4,
Note that this formulation provides a slightly different perspective to

the type of data shown in Figure 8-3, and in addition relates the
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QUANTITY OR QUALITY

CRITERION P % CONDITIONS AND QUALIFPICATIONS
RISK3
LOST PERSON-YEARS 178 9 SCRUBBER EFFECTIVENESS 95%
108T DISABILITY-YEARS ? ? ¥OT AMALYZED
POPULATION EXPOSED 2 MILLION/YR | 2 MILLION/YR '?213&“,3“3”&9&5"5%5“? zas;.s “a
Xo. ACTUAL LIVES LOGT % s %f‘mg. NSBILITY MODELS
YEARS LOST/PERSON (] 1 BASED ON 50 YEAR-OLD LIFE EXP.
BQUIV, "AVERAGR"LIVES LOBT s s “AVERAGE" LIFE EXPECTANCY=35YEARS
YALUX OF LIVES LOST $1.5 KILLION $75,000 YALUATION AT $300,000/AVERAGE LIFE
DISABILITY LOSSES ? ? NOT ANALYZED
MEDICAL CARE COSTS ? ? NOT ANALYZED
BENEF1TS
EFYECT ON CONSUMER SURPLUS o -$14 MILLION/YR SIE TABLE 5-1
EFTECT ON WAGES o -$10 MILLION/YR SEE TABLE 5-2
EFFICT OX PRODUCTION o -$21 MILLION/YR "
IFFECT ON DOMESTIC PROFITS 0 -$19 MILLION/YR "
EFFRCT OX TAXES [ ~$10 MILLION/YR "
E¥FECT OX INVESTMENT FUNDS o -$9 XILLION/YR -
EFFECT ON TRADE BALANCE 0 ~$28 MILLION/YR "
KFFICT ON PROPERTY VALUES ? ? MOT ANALYZED
ENVIRONMENTAL EFFECTS
VEGETATION LOSSES SOME REDUCED RXP. FULXERSON CHAP, VI
AXIMAL LOSSES ? ? "
CONCENTRATION IN BJOSPHERK SOME REDUCED SEX CHAP, 6
FOOD LOSSES SOME REDUCED POSSIBLE EXCESSIVE LEVELS IX CROPS
MATERIAL DAMAGE - - ¥O EVIDENCE CITED
AESTHETICS - - DIRECT EFFECT INSIGNIFICANT
RECREATION SOMET REDUCED

MINOR EFFECT OX FISHING POSSIBLE

FIGURE 8-4. CADMIUM RISK-BENEFIT DISPLAY: SUPPLEMENTARY CRITERIA
FOR SMELTER SCRUBBERS
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quantitative data to additional information of a qualitative or inconmen-

surable quantitative nature that otherwise mght be lost to the evaluation.

Miuni ci pal Incinerators

Cadm um emi ssions from nunicipal incinerators are nuch |ess hazard-
ous than those from snmelters, because the concentrations around indivi-
dual sources are nuch lower. Wile the expected |ife-saving from cad-
m um reductions by scrubbers in zinc snelters has been cal culated in
Chapter 7 at 166 person-years, the savings by scrubbers in nunicipal in-
cinerators are |less than one person-year. At the sane tine, the |oss
in non-health benefits from installing scrubbers in nunicipal incinera-
tors ($28 mllion nationally) is almost twice the |oss fromsnelter
scrubbers, because the nunmber of units that would have to be installed

i's much greater.

Consi dering the uncertainty ranges in both risks and benefits, the
overall range of the inplicit valuation of human life is quite wide, as
shown in Table 8-1. However, the valuation even under the |owest assunp-
tions is so high as to be prohibitive if reduction of cadm um em ssions
were the only incentive. Because of this constraint to feasibility, and
the analytic simlarity to the zinc scrubber alternative, municipal in-

cinerator controls are not examned in further detail here.

Asbest os Exanpl es

G aphi cal conparisons of asbestos control risks and benefits were
not drawn because the lack of any discernible fatality effects at the dose
rates derived fromour em ssions nodel rendered any two-di mensional com
parison useless. The lack of observable health effects fromthe node
seens due to the assunption that all exposure would result from contam -
nants dispersed over a wide area, as froma plant stack or from brake
dust. It is certainly interesting to find that these types of exposures
from ashestos seem inconsequential. Their benign levels indicate that

perhaps environnental controls over asbestos einssions fromindustria
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Table 8-1

| MPLIC T VALUATION OF HUVAN LIFE BY REDUCI NG CADM UM EM SSI ONS
W TH STACK SCRUBBERS |N MUNI Cl PAL | NCI NERATORS

Li ves Saved
Upper Lower
Confi dence Confi dence
[ nterval Mean [ nterva

Nat i onal Econom ¢ Costs 0.03 Life 0.003 Life |0.0003 Life
Lower confidence
i nterval $23 mllion [ $800 mllion [ $8 billion | $80 hillion
Mean $28 mllion | $900 nmillion | $9 billion |[$90 billion
Upper confidence
i nterval $34 mllion | $1.1 billion|$11 billion [ $110 billion

and automobile brake sources can be mnimzed. However, another and
undoubt edl y nore hazardous source of asbestos inhalation--direct handling
of the material itself or intimate exposure to activities where it is

bei ng worked--has not been anal yzed here.

Asbestos | ndustry

Since Chapter 7 shows zero risk reduction from adoption of enission
controls in the asbestos industry, the inplicit valuation of human life
derived by calculating the benefit-risk ratio for asbestos industry con-
trols nust approach infinity. This is clearly not a very feasible cri-
terion for risk reduction. Nevertheless, detailed examnation of the
econom ¢ costs of asbestos industry controls does show one interesting
phenonmenon.  As discussed in Chapter 5, national economc effects of a
control programwould be a loss of about $2.9 nillion in the form of

reduced consuner surplus, as control costs were passed on to the con-
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sumers. But the loss of consumer surplus would only be about $29,000 in
asbestos producer areas (one percent of the national l|oss), and industry
owners woul d not |ose anything because they could pass their costs along
The major effect in producer areas would be a gain of perhaps $400, 000
fromthe addition of about 40 workers associated with operation and

mai nt enance of the control equipnent.

In this situation, the nost rational notivation in asbestos-producing
areas for an asbestos control program would most |ikely be fromthe fi-

nanci al and enployment (not the health) self-interest of the local [abor
force

El i mi nation of Ashestos Brake Lining

The hypot hetical exanple of replacing asbestos brake linings with
an undefined material of equal performance but 50 percent nore expensive
yi el ds nore consistency between costs in the asbestos producer area and
those in the country as a whole. In the case of brakes, national costs
of inposing a 50-percent higher price for linings are domnated by a $65
mllion loss in consumer surplus. Losses in local asbestos-producing
areas are less than one-twentieth this amunt even though significant
local multiplier effects can be assuned. Overall, the non-health econonic
effects would be consistently negative everywhere except in |ocations
where the replacement brake lining material is produced. From an envi-
ronmental standpoint, elimnation of ashestos brake |inings appears use-
less for the sane reason that inposing asbestos enission controls do--
the nunber of lives to be saved is significant. At the sanme tinme, how
ever, strict exposure control over close contact with asbestos by brake
repairmen, ashestos niners, fabricators, and construction personnel seens
fromenpirical evidence to be clearly needed. But the exposure nodel
needed for that analysis nmust be based on the specific work activities
engaged in rather than on the general emssion and dispersion paraneters
used in this study.
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Chapter 9

METHODS FOR DETERM NI NG ACCEPTABLE RI SKS
AND ASSQOCI ATED RESEARCH NEEDS

Practi cal Considerations

Even after decision data have been fornulated and conpared in the
manner of Chapter 8, several alternatives mght remain conpetitive. In
addition, further alternatives can generally be found by enlarging the
scope of decisions to include future policies, research and devel opment
programs, and other choices that are relevant but not directly tied to
the current alternatives. This chapter provides some clues, but no

final answers, for how such choices can be made from the conpiled data

One major reason why no final answers can be given is the same as
that presented in Chapter 8 no program can reasonably expect to antici-
pate all of the considerations affecting the decision-mker. Actually,
the difficulty is even nore fundamental than just attenpting to antici-
pate one decision-maker. In the operations of a denocratic governnent,
deci sions-makers are ultimately responsible to all of the people. Yet
the work of the econom st Kenneth Arrow has proved that, in general

there is no single optinumdenocratic social choice.87

Al'l social choices nust be made on the basis of individual val ues
that represent an inperfect conpronise for society at large. \Wen one

accepts the conprom ses as described in Chapter 8, then the remaining

87E. T. Haefele, Representative Government and Environnental Mnagenent,

p. 17 (Johns Hopkins Press for Resources for the Future, Inc., Balti-
nmore, 1973).
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need is to assist the decision-maker in his choice. This can be conpli-
cated because, in many cases, the nultiple criteria will conflict wth

each ot her

Any general decision method must be conpatible with the decision-
maker's own procedures and his own anticipations of the outcone of his
decision. The nethod, in other words, nust fit with such characteristics
as the "incremental" characteristic of decision-naking that was described
in Chapter 8. For exanple, the types of small noves away from the
existing situation that are followed in incremental decision-nmaking can
be visualized very well in the two-dinmensional graph of Figure 8-2
where the status quo situation is placed at the origin. By that presen-
tation, alternatives located closest to the origin are easily seen to
require the least increnmental novenment and, therefore, may be preferred

to alternatives farther away.

Related to increnmentalism is feedback--another policy-mker's
characteristic in a list conpiled by Lindblom.88 Feedback in governnent
was first described in considerable detail from a cybernetic standpoint
by Karl Deutsch.8® It is the process of constant adjustment and correc-
tion when a policy is put into practice, as reflected in the philosophy
of "Never time to do it right--always tinme to do it over." In practice
it is the information process that acconpanies and expedites "sequential"
deci si on- maki ng- - anot her characteristic often nentioned. Short-sighted
feedback and rapid sequential decisions are usually deplored by those
whose orientation is toward planning or standardization, but they are

dom nant behavioral characteristics of nost operating organizations

seC, E Lindblom The Policy-Mking Process, p. 24+ (Prentice Hall,
Englewood diffs, N J., 1968).

89K. W Deutsch, The Nerves of Covernnent (The Free Press, N. Y., 1965).
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The graph of Figure 8-2 is designed in tw ways to enphasize the inpor-
tance of information feedback. First, its cost and risk information is
in annual terns--partly for the reason that new planning information or
econom ¢ devel opnents coul d change the trade-offs significantly. Second,
the confidence limts reflecting uncertainties will change over time as
information is obtained, so the decision conditions as drawn wll wusually

be valid at only one tine.

So many information inputs, in fact, require feedback to refine
their information that alnost any first attenpt at integrating data
including this study, can be significantly inproved by subsequent analy-
sis. Among the kinds of information feedback needs that have not been
available to this study are:

o Resolution of uncertainties by the adversary process of

searching for better information to support ones' case

This process is achieved in the normal course of EPA
standards hearings.

e Estimation of the interactive effects of multiple factors
on the environnent. For exanple, no consideration has
been given to the potential benefits of snelter controls
in reducing arsenic pollution. (Arsenic has recently been
named by the National Cancer Institute as the prinme sus-
pected cause of elevated lung cancer rates around snelters.)

o Discovery of unknown factors that nore thorough search and
future research efforts may find

e Resolution of conflicting constraints on the feasible
domain of alternative solutions. As has been noted, con-
straints in many cases have to be adjusted to each other
as well as to social and econom ¢ influences.
Anot her typical characteristic of organizational decision-mnaking
first described by Herbert Simon,®° is "satisficing." (He invented the
term"satisfice" as as conbination of satisfy and suffice.) According to

this criterion, the decision-nmaker does not attenpt to maximze any

°0H, A Sinon, Admnistrative Behavior: A Study of Decision-Mking
Processed in Admnistrative Oganization, p. xxxv (MacMIlan, New York
1957).
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particular criterion but rather seeks mninum satisfactory levels for
all of the criteria inportant to him Again, the presentation of Figure
8-2 is well adapted to this characteristic because it provides a decision
domain within which all the pictured criteria are at or above m ni num
required levels. Any alternative lying within the decision domain by

definition offers a "satisficing" solution.

Closely related to "satisficing" is the enphasis on "bottlenecks"
in policy-making. The nost attention in organizations is given to the
nost apparent bottleneck preventing a "satisficing" solution. Figure 8-2
hi ghlights the nost obvious bottlenecks by picturing those constraints

that are not satisfied by the solution.

Met hods for Choosing Control Alternatives

This focus on "bottlenecks" is an inmportant step in the nultiple
criteria decision nmethod discussed in Chapter 8. Any criterion that an
alternative does not fulfill to some "satisficing" level serves as a
bottl eneck that prevents the solution of that alternative. Only those
alternatives that have no serious bottlenecks are acceptable for solu-

tion as control policies.

Once the alternatives that meet the constraints have been identified,
the next analytical step is to find the best of the acceptable alterna-
tives. Only when both steps have been acconplished will it be possible

to recommend a choice to the decision-maker

Sel ection Procedure

The flow of decision data |eading to the choice of a preferred alter-

native is shown in Figure 9-1. Note that the flow requires both the

functions of evaluation and research, operating in an iterative feedback
fashion, to reach the final decision. In this section we are interested
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in evaluation methods rather than research, so we wll start by dis-

cussing how to carry out the first, third, and fifth steps.

Evaluating the first step, "Does alternative X meet all the con-
straints" depends on how one defines the feasible domain and treats the
uncertainties. Figure 8-2 shows uncertainties in both the alternative
and the constraint values; in general the border between the feasible
domain and the infeasible will be fuzzy rather than a single sharp line
These uncertainties can be retained as a probability distribution in
subsequent steps of the analysis, but it is usually easier to decide on

some cutoff assunption as the basis for evaluation.

Several approaches to the problem are shown in Figure 9-2, where
the formal probability nodel and the three nost well-accepted rule of
thunb principles for dealing with uncertainty are illustrated. Figure
9-2(A) shows the horizontal placement of a hypothetical |eft border Iine
of the feasible domain of a graph such as the one described above in
Figure 8-2. The uncertain location of the line is represented by the
uncertainty band extending from the |ower confidence linmt at the |eft
through the nean value to the upper confidence Iinit at the right. (For
consistency with the preceding chapters, we assume that the true boundary
of the feasible domain lies to the left of the lower confidence linit
with only 2.5 percent probability, to the left of the nmean with 50 percent
probability, and to the left of the upper confidence linmt with 97.5
percent probability.) Figure 9-2(B) is a simlar graph showing the un-
certainty band for the horizontal |ocation of alternative control X
The joint probability that the border lies to the left and alternative X
lies to the right of any given location is shown by neans of a probability
density diagramin Figure 9-2(C). If the probability densities are con-
verted to cumulative probabilities as in Figure 9-2(D), the maximum cum
ulative probability can be read as the overall probability that alterna-

tive Xwll lie in the feasible domain. The analyst can then apply this

9-6



{ A) LOCATION OF VERTICAL LEFT-HAND BORDER OF FEASIBLE DOMAIN

INFEASIBLE I 1 1 FEASIBLE
DOMAIN LOWER  MEAN UPPER DOMAIN
CONFIDENCE - CONFIDENCE

LIMIT LMt

(B) HORIZONTAL LOCATION OF ALTERNATIVE X

Ul 1 1
LOWER MEAN UPPER
CONFIDENCE CONFIDENCE
LIMIT LMt

(C) PROBABILITY OF BORDER LEFT AND ALTERNATIVE RIGHT OF GIVEN LOCATION

o]

(D) CUMULATIVE PROBABILITY OF BORDER LYING TO LEFT OF ALTERNATIVE X
MAXIMUM CUMULATIVE PROBABILITY

ol

{E) ESTIMATED LOCATION BY "EXPECTED VALUE" DECISION PRINCIPLE

BORDER

TV
AT MEAN ALTERNATIVE X

AT MEAN

{F) ESTIMATED LOCATION BY "OPTIMISM" PRINCIPLE

BORDER AT LOWER ‘ Y ALTERNATIVE X AT
CONFIDENCE LEVEL l UPPER CONFIDENCE LEVEL

{G) ESTIMATED LOCATION OF “PESSIMISM" PRINCIPLE

ALTERNATIVE X AT o | soroen at upper
LOWER CONFIDENCE LEVEL I CONFIDENCE LEVEL

SOURCE: SRI

FIGURE 9-2. EXAMPLE ESTIMATES OF LOCATION OF ALTERNATIVE CONTROL X
RELATIVE TO FEASIBLE DOMAIN BORDER



overall probability to further statistical calculations, or he can com
pare it to some arbitrary criterion (such as 50 percent) to decide
whether the first step in the decision process should be answered Yes or
No.

If the decision problemis neatly specified in terns of probability
distributions, the cumulative probability approach will yield the nost
exact and el egant answers. However, if the distributions are poorly
defined, as has been the case in most of the confidence intervals exam ned
in this study, then nore approximte rules of thumb may provide decision

rules that are adequate to the level of accuracy of the data

Perhaps the sinplest principle that could be used directly from
limted data is the "expected value" conparison shown in Figure 9-2(D).
In that figure, alternative X is accepted within the feasible domain by
conparing its mean location with the nmean |ocation of the donain border
and observing that alternative X lies to the right of the border. This
met hod has the advantage of providing answers that will agree with
answers based on acceptance of probabilities over 50 percent that have

been estimted by formal probability calculations

Q her answers that deviate from the 50-percent criterion could be
obtained fromthe "optini smpessimsn principle.®> Under that principle,
decisions can be made on the basis of whether one assumes the best of
all possible outconmes, the worst of all possible outcones, or sone out-
cone internediate in the scale. Figure 9-2(F) is based on the "optim snf
criterion; it conpares locations under the nost favorable outcomes of the

domain border at its lower confidence limt and alternative X at its

°1Rr. D. Luce and H Raiffa, Games and Decisions, p. 282 (Wley, NY.,
1957).
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upper confidence limt. By this criterion, alternative X would be |ocated
well inside the feasible domain. Figure 9-2(Q, in contrast, is based

on the "pessimsm' criterion; it shows alternative X far outside the
feasi bl e domain border under the worst outcones of both variables.
Optimsm and pessimism criteria permt biases to be systematically intro-
duced to the expected value estimates; they also provide a sinple means

of conducting sensitivity analyses of the uncertainties.

One final principle not shown in Figure 9-2 is that of "regret."”
Regret has the objective of mnimzing the regret that one could suffer
if the outcome of his chosen decision was nost unfavorable. (The poten-
tial regret of choosing the expected value principle in Figure 9-2(E)
for exanple, is the sum of the differences between the nean and the nost
unfavorable confidence limt: the mean-to-lower-confidence-limt distance
of alternative A plus the nean-to-upper-confidence-linmt distance of
the border.) Regret, in other words, is a principle of limting uncer-
tainties--the nost favorable choice under regret is the one with the
| east range of uncertainty. Governnent officials and other risk-averse
deci si on-makers mght see considerable virtue in such a principle. It
could be used with one of the other principles to identify alternatives
that are both acceptable and reliable. By itself, however, regret gives
no consideration to the expected value of an outconme, so it could dic-
tate a choice that is generally inefficient or otherw se undesirable.
Because of this characteristic, Kenneth Boulding has referred to the use

of regret criteria as a sign of nental ill-health.

To again sunmarize the alternative selection procedures, the cunu-
| ative probability, expected value, optinmsm pessimsm or regret prin-
ciples or various conbinations and variations, mght each be nost suit-
abl e under certain conditions. Each can resolve the first step in
Figure 9-1 by determning whether alternative X is located in the feasible

domain.  They can answer the third step, "Do other alternatives meet all

9-9



constraints?", in exactly the same way. But because they deal only
with whether the alternatives satisfy all estimates and not with how to
rank the alternatives, they cannot answer the fifth step: "Is alterna-

tive X preferred on the first priority criterion?"

Ranki ng Procedures

Preferences anong the alternatives may be |less inportant to estab-
lish than conventional economc theory would indicate, because the num
ber and severity of constraints inposed by the nultiple criteria are
likely to greatly restrict the nunber of acceptable alternatives in
practical situations. The pure "satisficing" nodel of choice is nore
realistic than the pure "optimzing" one. Nevertheless, any decision

met hodol ogy should be able to establish preferences anong alternatives.

Qur approach recommends six different possible decision neasures
that can establish preferences anong the five different decision princi-
ples shown in Figure 9-3. The five principles are the same as those
di scussed above, but here they are used for ranking rather than classi-
fication purposes. The six measures are optional criteria that mght be

used as ranking neasures for alternative controls.

"Risk level," the first decision measure, is the one inplicitly
adopt ed when contam nant concentrations or exposure |evels are set at
the lowest possible |evels achievable by any control nethod. Each of
the principles operates on the risk measure in a slightly different way
fromthe others, but they all attenpt to select the alternative with the

| onest overall risk.

"Net benefit" in effect is a negative neasure of the overall cost
of the control program Maximzing the benefit is the sanme as mnimzing
the cost. This would be the neasure to base decisions on if cost were

the only measure of nerit of a control program But cost will seldom
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if ever be the only neasure, since the very concept of controls introduces
anot her neasure (risk or environnental quality) that overrides cost con-

si derations.

The absolute "benefit-risk" ratio is a nmore neaningful measure for
the reasons discussed in Chapters 2 and 8. It suffers from being too
conpr ehensi ve, however. In many cases it cannot be neasured as an abso-
lute value, even where it can be neasured it may not serve as the
best indicator of the value of a particular alternative. "Change in
benefit/change in risk" yields a nmore precise estimate of the effects
of individual alternatives and it is easier to nmeasure. It best fits
the practical needs of incremental decision-naking because it orients

the analysis around the controllable effects of the alternative.

"Benefit less risk" difference also gives an incremental neasure,
but in general this type is less useful than the ratio. It requires that
benefit and risk be presented in nonetary or other commensurate terns,
so it nust violate the desirable trait of separating these two dinen-
sions. It also is expressed in absolute terns, so it is insensitive to
differences in the scale of different alternatives. However, in sone
circunstances it may be nore understandable because it deals with actua

values rather than with ratios.

Finally, the "probability of alternative lying within the feasible
domain" is a different type of neasure of nerit, based on the fit of the
alternatives within the constraints posed by all of the criteria in the
probl em instead of on measurements in only one or two criteria. This
measure is of great value where the feasible domain is small relative to
the scatter and uncertainties of the alternatives on the major dinensions
of the problem Such conditions seem quite common in the exanples exam
ined in this report, so this neasure may prove to be nore promnent in

future studies than it has in the past.
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Overal |, however, the "change in benefit/change in risk" measure
seens to be the nost generally applicable of the six decision neasures
for the types of hazardous waste problens examned in this report. The
| arge uncertainties involved in almost all of the data inply that
expected value is probably the nost practical of the decision principles
to apply to this measure. But whichever techniques are used, the meth-
odol ogy suggested here can yield quantitative evaluations that |ead,
first, to solution of alternatives to neet the basic constraints of the
environment, and second, to ranking of one preferred alternative from
among all the "satisficing" alternatives. Fromthis final ranking the

final decision can be nade as shown in Figure 9-1.

Met hods for Anal yzi ng Research Needs

The only steps in Figure 9-1 that have not yet been discussed are
the two relating to research functions. These steps require the gather-
ing of information by research, experinental, and nonitoring groups who
normal |y are not a direct part of the decision process but whose results
are inportant to it. Since research results and other technical infor-
mation are so essential to the decision process, their own decisions
about the kinds of environmental information that are needed can have
a great influence on the quality of research policy decisions. For these
reasons, research and information-gathering decisions should properly be
considered as part of the larger decision system W wll discuss these
relationships in this section, and present a few hints about how they
can be inmproved. At the sane tinme, we do not attenpt to present a com
prehensive nethodology on how to allocate research and devel opnent efforts
or measure their benefits. Reviews of the extensive literature in this
field suggest that such attenpts have been, at best, only partially suc-

cessful, and that some fundamental aspects of the R&D process renain
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unknown.®2 Neither do we intend to resort to the standard conpl aint
that nore research is needed. Perhaps the conplaint is even nore justi-
fied here than in other branches of know edge, but from a practica
standpoint, changes in the anount of research may not inprove policy
decisions so nuch as changes in the kinds of results that are being re-

port ed

One clear finding of this study has been that npst research results
have given inadequate attention to uncertainties, and to how these uncer-
tainties relate to those of other research studies with simlar problens.
Practically no attention has been given to summarizing the results in
terms of the next higher level of generalization, so that the significance
and relevance of the study could be nmore easily interpreted by readers.

For exanple, data on aninmal experiments need to be related to applica-
bility to human effects before the data can be usefully applied by studies

such as the present one.

In attenpting to integrate primary source materials, secondary
studies discover the mssing links between existing results as well as
the inadequacies of the primary results themselves. |n our survey, we
have observed certain general needs for hazardous waste standard setting
that seem typical of the types of information that are available. These
needs and specific recommendations about them are shown in Table 9-1.
They indicate that a whole new category of quantitative nodels is needed
to use with risk-benefit and other trade-off studies. The nodels nust
be sinpler than existing research nodels with |ess dependence on imediate
local factors, but sensitive to variations in long-term environnenta

par anet ers.

®2N. Baker and J. Freeland, "Recent Advances in R&D Benefit Measurenent
and Project Selection Methods," Mnagenent Science, Vol. 21, No. 10
pp. 1164-1176 (June 1975).
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Table 9-1

NEEDS FOR | NFORVATI ON ON GENERAL
HAZARDOUS WASTE RI SKS AND BENEFI TS

Need No. 1 Type of data: Maxi mum perm ssible tolerance
Chapters cited: 2 and 7

I nadequacy:  Pernissible tol erances (unless zero) should be based on
observed threshold effects. Threshold effects have never been denon-
strated for nost hazardous wastes.

Research recommendations: Review pernissible tolerance standards to
find supportive evidence for threshold assunptions. |f none, adopt a
different type of standard for the waste in question.

Need No. 2 Type of data: Process flow and disposal
Chapter cited: 2

| nadequacy:  System component definitions and evaluations are needed to
assess system behavior.

Research recommendations: Initiate nore careful work to process flows
| eading to waste products.

Need No. 3 Type of data: Contaminant dispersion
Chapter cited: 6

| nadequacy:  Ceneralizable dispersion nodels suitable for risk analyses
are not available.

Research recommendations: Devel op dispersion nodels in all nedia for
ri sk analysis purposes.
Need No. 4 Type of data: Inter-nmedia contanminant transfers
Chapter cited: 6
| nadequacy: No generalizable nodel is available.

Research recommendations: Devel op generalized inter-media transfer
nmodel s for risk analysis purposes.

One other research opportunity was noted, not from the deficiencies
of published research but from the potential applications of conprehensive

trade-of f nodels such as the one derived here. This opportunity involves
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the decision analysis concept of "expected value of perfect information."
According to that concept, the value of obtaining perfect information by
resolving all uncertainties (such as by elimnating all of the confidence
limts in Figure 8-2) can be calculated from the probability distribu-
tions of the uncertainties and their relative influences on the fina
decision. The value of partial information that mght correspond to a
reduced confidence interval of one of the variables can be derived in

the sane manner

These "value of information" analyses mght be carried out to
estimate the potential value of research to reduce risk and benefit un-
certainties associated with a particular hazardous waste. Then this
val ue of research can be conpared to the anticipated benefits of
initiating the optimal control alternative. The result (adjusted for
the estimated tine, money, and resolving power of the research) wll be
a first-order estimate of the relative advantage, given existing uncer-

tainties, of initiating a control program versus conducting nore study.

Cadm um and Asbest os Exanpl es

The "val ue of information" nethodol ogy, as well as other techniques
described in this chapter, can best be seen by application to our exanple
waste cases. Since none of the exanples have proved to be very promsing
as program alternatives, ranking and research applications may seem

slightly unrealistic, but at least they can be related to actual data

Cadm um

By referring to Figure 8-3, we can illustrate for one cadm um con-
trol alternative--the zinc snelter scrubber--how to carry out the selec-
tion and ranking procedures that were described above. In the selection

step, we can see that "alternative X' (the snelter scrubber) does not
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meet the constraint representing any reasonable "human [ife valuation.”
However, if it did meet that constraint the next step would be to rank

it with other acceptable alternatives by one of the rules shown in Figure
9-3.

For exanple, if the smelter scrubber were conpared to the "status

quo" alternative according to the "risk level" decision nmeasure, it
woul d be preferred under all decision principles except "regret" because
it reduces the risk. ("Regret" attenpts to minimze uncertainty, and
since the status quo alternative has less uncertainty, it wll always be
preferred under the "regret" principle.) Conversely, "status quo" woul d
win under all decision principles if they were conpared according to

net benefit," because it doesn't cost anything

The snelter scrubber alternative has a greater "mean |ives saved"
value, a smaller nean cost, and a larger uncertainty interval in both
di mensions than the nunicipal incinerator alternative (not shown in Figure
8-3). It will therefore be preferred to the municipal incinerator pro-

gram under all of the decision principles except "regret."

In examning the two cadm um alternatives, we encountered a number
of specific research and information needs that are fornulated in Table
9-2.  Many of these needs can be met with quite small efforts, but unti
they are resolved they will cast large uncertainties over estimtes of

the values of cadm um control neasures

Asbest os

Asbestos studies have also left many unresolved questions, but our
study has not pursued themin detail. Neither of the asbestos alterna-
tives exam ned here seenmed desirable under our decision rules because
neither denonstrates any significant cadmum risk reduction. Therefore

we have not attenpted to apply the selection and ranking procedures to
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Table 9-2

NEEDS FOR | NFORVATION ON CADM UM
RISKS AND BENEFI TS

Need No. 1 Type of data: Standards
Chapter cited: 2

I nadequacy: Standards for different media and environmental conditions are not systematically
integrated.

Research recomendations: Develop a cadm um exposure nodel to nmmke the various types of
cadm um standards nore consistent with one another.

Need No. 2 Type of data: Pollution
Chapter cited: 3

I nadequacy: Statistical data are insufficient for constructing a conplete materials balance
analysis of cadmum flow in the biosphere. Sources of contamination from mining and refining
and to water effluents are particularly deficient.

Research recomendations: Conduct a conprehensive analysis of the cadmium materials bal ance
in the environnent.
Need No. 3 Type of data: Precipitator operations
Chapter cited: 3
I nadequacy: Precipitator efficiency level estimtes are inconsistent.
Research recommendations: Derive nore reliable estimates of operating efficiency for precipi-
tators and other control devices.
Need No. 4 Type of data: Economic effects
Chapter cited: 5
I nadequacy:  Cadmiumzinc supply and demand functions are not known.
Research recommendations: Better enpirical data should be obtained for these and other
hazardous materials so that more reliable benefit data may be derived.
Need No. 5 Type of data: Food and water concentrations
Chapters cited: 6 and 7

Inadequacy: No adequate dispersion theory or nodel is available to explain variations in
observed cadmi um concentrations in food or water.

Research recommendations: Derive a nodel to explain the sources and dispositions of cadmium
in food.
Need No. 6 Type of data: Biosphere stay tines

Chapter cited: 6

Inadequacy: No reliable estimtes exist of cadmum stay times in or renpval rates from the
bi osphere.  These are needed for general dispersion nodels.

Research recommendations: Investigate biosphere stay times for cadm um
Need No. 7 Type of data: Biological absorption
Chapter cited: 7

Inadequacy: Little data are available about how the body absorbs and retains cadmum although
there is considerable evidence on ingestion rates.

Research Recommendations: Conduct nore specific studies oriented toward biological absorption
and buil dup phenomena.
Need No. 8 Type of data: Dose-damage functions

Chapter cited: 7

I nadequacy: Large differences develop in deriving dose-damage data from simlar sources.
These differences create excessive uncertainties.

Research recommendations: Reconcile existing data for use in dose-damage estimates.




them However, the research and information needs outlined in Table 9-3
vere derived from our studies of asbestos risk-benefit trade-offs. Like
the earlier tables, this one summarizes a list of research tasks that
could serve to resolve some of the most uncertain questions about
hazardous waste risks, benefits, and their interrelationships for

deci si on- maki ng.
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Table 9-3

NEEDS FOR | NFORVATI ON ON ASBESTOS
RI SKS AND BENEFI TS

Need No. 1 Type of data: Standards
Chapters cited: 2 and 7

| nadequacy:  Asbestos standards are inplicitly based on the threshold limt
concept, yet there is little plausible evidence for the value or even the
exi stence of such a threshold. Furthernore, the various standards seem too
variable and too different in their measurement requirenents.

Research recomrendations: Develop an ashestos exposure nmodel and reconcile it
with the different concentration neasurement nethods. From the model, recom
mend nore uniform and consistent standards.

Need No. 2 Type of data: Pollution
Chapter cited: 3, 4, and 6

| nadequacy: Evidence on sources of asbestos pollution is contradictory,
and little is known of resuspension and recirculation patterns.

Research recommendations: Initiate a substantial study designed to discover
the nechani sms and pat hways of asbestos pollution.

Need No. 3 Type of data: Control costs

Chapter cited: 4
| nadequacy: Variations of control costs with size of plant are not known.
Research recommendations: Derive a cost sensitivity nodel for asbestos plant
controls.
Need No. 4 Type of data: Dose-damage functions

Chapter cited: 7

| nadequacy:  Major data sources inply differences of a factor of 5 on derived
dose-damage functions.

Research recommendations: Reconcile existing data.
Need No. 5 Type of data: Cunulative dosages
Chapter cited: 7

| nadequacy: Cunul ative asbestos dosage estimates are all based on recon-
structed assunptions rather than observations, so their reliability is suspect

Research recommendation: Initiate a controlled long-term experinental program
to obtain reliable dosage data.
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