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ABSTRACT

This study is a reconnai ssance of methods for estinmating the econom c
benefits from preventing major environmental episodes. The relevant methods
are drawn fromthe theory of the cost of risk-bearing and from decision
theory nore general ly. The reconnai ssaince is conducted in three case
st udi es. Those studies span environnmental pollution episodes in three
transport media: surface water, groundwater, and air. The three case study
epi sodes are Kepone contam nation of the Janmes River (surface water),
contam nation of the Cohansey aquifer by Price's Landfill (groundwater), and
the Chemcal Control incident (air). For each case study, the principal
damage categories are identified, and data assembl ed from which those danage
categories are estimated. In many cases the estinmated damages are
surprisingly large and suggest the cost-effectiveness of neasures for
prevention of such episodes. In the body of the report, standard expected
utility theory concepts are used for estimating the cost of bearing the risks
associated with nmajor environmental episodes. But because both theory and
experinment now suggest that those concepts may systematically underestimte
those costs, an appendix is devoted to the statenent and anal ysis of
alternative measures.
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CHAPTER 1
| NTRCDUCT! ON

THE LEGACY OF CHEM CALI ZATI ON

The m x of goods available to the Anerican consumer in the 1980s woul d
be al nost unrecognizable to a consumer of the 1940s, and the sane can be said
for plant and equi pnent available to businessmen and farmers. And to a large
extent, those differences were nade possible by the renmarkabl e inventiveness
of the Anerican and European chem cal industries in the post-World War 11
peri od. Synthetic organic chemstry, the scientific basis for that
i nventiveness, was alive and well in the nineteenth century. But only after
the war did that industry rise to its present prom nence, during a period
whi ch saw the |ongest sustained expansion of the Western economes in
recorded economc history.

That expansion canme to an end in the stagflationary late 1970s and,
coincidentally, so did any residual belief that the chem calization of the
econony was an unal |l oyed benefit. The skepticismdates fromat |east the
1950s) when Rachael Carson's ecological fantasy Silent Spring (1962)
contributed to the stirrings of the environmental movenent; Carson painted a
pi cture of a poisoned world stilled by nondegradable, environnentally
persistent pesticides

Three decades have passed since the publication of Silent Spring. In
the early 1980s, the |egacy of chemicalization has come to domnate the
environnental news, and on sone evenings all the news. That | egacy has
provoked public concerns of a kind that [ocal, state, and federal governnent
officials had long associated with race, communism and public norality. And
focusing and highlighting those concerns have been a series of incidents,
seem ngly unending and inexhaustible. The pattern is depressingly famliar.
Suddenly, often serendipitously, hazardous substance-contam nation of sone
comuni ty's drinking water supply, or building materials supply, or road
surfaces, is discovered. Public officials are uncertain of the risk
i nvol ved, and their uncertainty is perceived, and amplified, by the affected
individual s in those comunities. The site, and sonme citizens, appear in
national press and national television news accounts of the incident. The
incident fades from public view, except for an occasional item about the
progress, or lack of progress, of cleanup efforts, or epidemlogical studies,
or suits seeking financial conpensation. And then, one day, the next
incident hits the news.




Among the most significant policy responses to this gathering storm of
incidents were two nmjor pieces of federal |egislation. The Resource
Conservation and Recovery Act, passed in 1980, created a system for
moni toring flows of hazardous materials through the econony, with the aim of
ending the era of nmalign neglect and carel ess dispersal. And t he
Conprehensive  Energency Response, Conpensation and Liability Act (or
"Superfund"), passed in 1980, |evied taxes on every barrel of crude oil
received at U S. refineries, on petroleum product inports into the United
States, and on about forty specified chemcals. The proceeds were to support
cl eanup operations at the nore dangerously contaninated waste disposal and
plant sites. The Superfund was never to exceed $1.6 billion, and a sunset
provision set 1985 as an expiration date for the tax provisions of the Act.

Both measures were passed by Congress after bitter legislative battles
and conprom ses, and both were hailed as environmental victories upon
passage. It is a sad tribute to the longevity of legislative aspirations and
Il lusions that both are now, in 1982, w dely perceived as inadequate and
seriously flawed. The search for better and nore effective policies will go
on over the next five or ten years, and will be conducted agai nst a backdrop
of general economc disarray and fiscal stringency. New policies will have
to pass a tough cost-effectiveness standard, and debate over those policies
will, inevitably, be punctuated by new hazardous substance incidents. This
book ains at informng that debate in one particular way: by using evidence
from sone of those incidents, or episodes, to help us gauge what we stand to
gain frompolicies ained at preventing such episodes. The debate may be nore
reasoned if all parties can agree on about how nuch is at stake

SOVE MAJOR ENVI RONMENTAL EPI SCDES

VW will refer to the incidents we have described as najor environmenta
epi sodes. The termis neant to distinguish those incidents from nore routine
ki nds of environnental pollution, and the distinction seens warranted by the
special characteristics of those incidents

Wiat are those characteristics? Perhaps they are best introduced, and
articul ated, by describing some representative major environnental episodes.
In the course of selecting the three case study episodes reported on bel ow
we reviewed many other candidate episodes, and we have drawn on those, too,
in what follows.

The Three Mle Island Accident

The April 1979 accident in Unit 2 of the Three Mle Island nuclear power
pl ant operated by General Public Wilities occurred at a tinme when the
nucl ear power issue was high on the nation's policy agenda. As the first
maj or accident in an Anmerican conmercial nuclear power plant, it doni nated

the national news for alnost one week. In its wake came at |east three mgjor
postnortens, including the report of a Presidential Commission specifically

created for the purpose of investigating, and interpreting, the accident.

Thus we know about as nuch about the Three MIle Island accident as we
are likely to know about any future episode. And two salient facts arise



from the postnortems. The first is that there were no damages in the strict
sense: there were no radiation releases and therefore no health danages
I nposed upon the local community. The second is that, superficially, the
accident was emnently avoidable, for at l|east an hour after the trouble
began. Each of these facts has something to tell us about the analysis of
maj or epi sodes.

Suppose, then, for argunent's sake, that we accept those concl usions of
"no physiological or physical damages" at face value. Does it follow that
there were no economcally relevant damages? Even a convinced naterialist
will, I think, answer that question in the negative. And, as we shall see,
the federal courts, which are about as far from being representatives of
phi | osophi cal nentalism as an august body of representative individuals can
be, have already answered it in the negative

The issue at hand is, of course, the issue of stress, or anxiety, or of
psychic cost, nanes which we will take to nmean about the sane kinds of
things. The principal injury visited upon the |ocal commnity by the Three
Mle Island accident was the anxiety associated with days of uncertainty
about a possible catastrophe at the plant, and subsequent nonths and years of
uncertainty about the future performance of the plant. Even in economcs,’
mental states do matter: though Doctor Johnson nmaintained that the prospect
of immnent hanging concentrated the mnd wonderfully, decisions taken on the
basis of an inmnent execution which never occurs will generally be wasteful.
To make the rather obvious point as quickly as possible, investments in human
or physical capital are postponed or cancelled, and investnents in individual
and capital mobility are substituted. Bot h kinds of investments will be
wong if the notivating anxieties are in fact unwarranted.

The fault then lies in the notivating anxieties, but how are people to
do better? To ask themto do better is to ask, in effect, that they be able
to formaccurate probability judgments about questions fromwhich their
experience is quite renote, such as questions about the inherent safety of a
pressurized water nuclear power reactor. In other, simlar contexts, where
there are inportant decisions to be nade about which an individual is
uncertain, he or she typically hires a supposedly better informed expert.
Society tries to arrange things so that the expert uses his or her
speci alized know edge in the client's interest. Legal and medical services
are the classic exanples of this set of arrangenents, which are still, as
they were in Roman law, called principal-agent relationships.

But in the case of nuclear power plant safety, those who would play the
roles of agent are bitterly divided along many lines. It is far fromclear
who, if anyone, represents the disinterested agent of the public interest.
In the Three Mle Island accident, for exanple, the public was led to believe
that there was, for several days during the accident, a serious danger that a
hydrogen bubble in the reactor vessel would explode, showering the area with
the intensely radioactive contents of the primary cooling |oop. This was the
position of the technical staff of the Nuclear Regulatory Comm ssion. But
the representatives of Babcox and WIlcox, the vendor firmthat built the
actual reactor core and pressure vessel, nmmintained that there was no such
possibility, and that the public was being unduly alarned. Wth hindsight



it seens that the vendor's technical staff was correct. But even with that
hi ndsight, who is to be believed the next tine around? And howis this
pattern of serious disagreement between credential ed experts to be reflected
in a layperson's probability assessment of a prospective incident?

The point is strengthened by the second. feature of the accident that we
have identified as salient: it was emnently avoidable. For at |east an
hour after the operating staff of the reactor recognized that there was a
problem relatively straightforward actions could have halted the devel opnent
of the accident sequence. But those actions were not taken. \Wrse, the
operators did take actions to override the automatic plant safety features
that mght have halted the accident sequence

And therein lies a lesson for, and a guide to, thinking about ngjor
epi sodes. To draw that |esson somewhat nore sharply, consider what actually
happened during the accident sequence. In brief, highly radioactive prinary
cool ant water was |eaking fromthe overpressure relief valve, threatening to
uncover the reactor core: an uncovered core will nelt down in about thirty
m nut es. The operators received, through the gauges and signals of the
operating room four or five clear indicators of trouble: one indi cator
susceptible of the interpretation that there was a danger of overpressure in
the primary coolant circuit, and the other three or four unanbi guous
indicators of an underpressure situation--a primary coolant circuit |eak.
Drawi ng upon a rule of thumb pounded into all reactor operators during their
training--avoid an overpressure situation, alnost at all costs--they chose to
acknow edge the first signal, and effectively to ignore the others. It is
hard to exaggerate the strength of their determnation to "stay the course":
when the automatic high pressure core injection spray was activated to coo
the uncovered core, the operators elected to override that system manually.
By the tine that they reconsidered their analysis of the situation, a
reconsi deration largely pronpted by discussions with a representative of the

reactor vendor, it was too late

But renmenber that, with the possible exception of aviation, no
t echnol ogy has been subject to such intensive and persistent scrutiny as
civilian nucl ear power. In what was the capstone of that effort, the
monument al Reactor Safety Study (or "Rasnmussen Report"), there is no trace of
the Three Mle Island accident sequence. Wile it is logically possible that
Three Mle Island was a realization of one particularly rare event lying nuch
lower in probability than the dom nant accident sequences identified and
quantified by the study, that |ogical possibility seens inplausible. In
fact, many reactor safety experts now believe that, taken together, the class

of sequences initiated by small |eaks may dom nate the class sequences
initiated by large leaks. But even nore inportant is another inplication of
the accident: that a credible estimate of the accident probability could

only be based upon a plausible cognitive nodel of reactor operator error.
Wiile cognitive science generally, and the branch of applied cognitive
science called human factors research specifically, have grown remarkably,
few believe that we are anywhere near being able to design and validate such
nodel s. For that reason alone, release probability estimates for ngjor
episodes will, in the foreseeable future, be conjectural. W wll argue
bel ow that there is nothing wong with using such probabilities as sunmaries



of belief, but that there is a danger, requiring almst eternal vigilance, of
those summaries being promoted into something nore.

Kepone Contam nation of the Janes River

During the 1960s, the Alied Chemcal Corporation transferred production
of the pesticide Kepone to an independent conpany, Life Sciences of Hopewell
Virginia. In 1974, the Hopewel | operation was abruptly halted by the Health
Departnent of the state of Virginia. The state noved only after reports of
acute exposure synptons anong the relatively few enpl oyees of the Life
Sciences plant: those enployees had served, inadvertently, in the way that
mners once used canaries in small cages to detect l|ife-threatening buil dups
of met hane.

Put on notice, the state rapidly expanded the investigation. The state
i nvestigation found serious Kepone contam nation of the Janes River estuary,
a major estuarine tributary of the Chesapeake Bay and an inportant provider
of recreational and conmercial services in its own right. Reconstructing
what happened, it seens |likely that there were intermttent and illega
di scharges of Kepone into the Janes for a period of about ten years. Because
Kepone is relatively insoluble and nondegradabl e, much of that discharged
Kepone is now resident in James bottom sedinent. The portion that is in the
water colum is slowy being flushed out into the Bay in one way or another
so that there is persistent |owlevel contamnation of the biota of both the
James estuary and sone portion of the Bay. But there is also an inprobable
catastrophe that should not be ignored: the sudden flushing into the Bay of
substantial amounts of the Kepone currently resident in Janes sedinent.
Since at current normal flushing rate half of that Kepone will remain in
Janes sediment in fifty years' tinme, that inprobable catastrophe will be our
legacy to at least the next two generations

Unless, of course, sonmething is done to renove the Kepone. The
possibilities for remedial action were in fact carefully enunerated and
examned by a major environnental postnortem of the accident. The saddest
aspect of the conclusions of that study is their uniformy high cost and
uncertain benefit. The costs of ex post mtigation of the incident run into
the billions of dollars. And it is not clear that even incurring those costs
will inmprove the situation, as opposed to nmoving the Kepone to another place
and environmental medi um For exanple, one possibility considered was
dredgi ng the Kepone-contam nated portions of the Janes estuary bottom  But
dredging operations will inevitably disperse much of that bottom sedi nent
Kepone into the Janes. And if the dredged sedinent is placed in a landfill,
there is the problem of groundwater contam nation to be reckoned wth.

Thus, ex post, Kepone contam nation of the Janes seens to have been a
very bad bargain. If this generation chooses to undertake the uncertain and

costly renediation effort, the ex post accounting requires subtracting a
figure running into the billions of dollars from what, in principle, would

have been the opportunity costs of the resources required by the Life
Sciences plant to avoid the incident.



About those latter costs there will always be a penunbra of uncertainty.
In the crimnal prosecutions that followed the incident, internal Life
Sci ence nmenoranda came to light in which corporate executive officers
mentioned figures in the hundreds of thousands of dollars as the cost of
certain kinds of abatenent equipnent. In a nore perfectly conpetitive
econony, such estimtes could be taken alnost at face value. Even if they
are, the Kepone incident transaction seens, ex post, to have been a
spectacul arly bad one for this generation. |f this generation chooses, for
what ever reasons, not to mtigate the situation in the James, we |eave to at
| east the next two generations a seriously danaged version of the estuarine
system our own generation inherited

And, of course, we leave to those two generations the renote possibility
of a catastrophe affecting the Chesapeake Bay. For the Bay is a unique
natural asset, a productive fin and shellfishery that may contribute to the
productivity of fisheries as far north as the Georges Bank fishery off New
Engl and. At some renpve, the argunent that the Janes estuary has close
substitutes and can rationally be depreciated and scrapped may appeal to
sone; the same argument is unlikely to be made, in any serious way, about the
Bay.

Contam nation of Goundwater by Price's Pit

During the 1960s, Charles Price, the operator of a landfill |ocated
about one mle east of the water supply well field for Atlantic Gty, New
Jersey, illegally accepted for disposal tons of liquid waste containing

hundreds of toxic chemcals and hazardous netals. The location of the site
and the geohydrol ogy were about as bad as could be: only ten feet of porous
soil separated the bottom of the pit fromthe Upper Cohansey Aquifer, which
flows roughly eastward fromthe site toward the Atlantic City wellfield.

The Price's Pit site now routinely appears on lists of the country's
wor st hazardous waste site probl ems and has been extensively studied by
hydrol ogi sts and public health officials. Thus, it helps us understand nore
clﬁarly.mhat kind of a problemwe have in this, and unfortunately in many
other, sites

For even though groundwater noves relatively slowy and can, at sone
cost, be nonitored for contamnants, it is difficult to establish just what
chemcals, and in what concentrations, the population of Atlantic Gty has

been exposed to. This is because there are several hundred chem cal s
involved, so that the concentrations of only about 120 coul d be neasured.
And because drilling wells and running field chenmical analyses accurate to

the parts per billion [evel are expensive and uncertain undertakings, the
information that we actually have is far fromwhat would be required to make
exposure estimates with sone confidence. We might call this the large
nunmbers probl em there are what may be an unmanageably | arge nunber of
chemical s running around

And even the interpretation of the data that we do have on particul ar
chemcals is conplicated by what mght be called the geohydrological facts of
life. A real world aquifer often has irregular boundaries and is highly



heterogeneous.  Real world hazardous wastes often infiltrate such an aquifer
in lunmps, or "slugs," and not in the steady flows that are easiest to nodel
Thus, what is really happening in the Cohansey Aquifer below Price's Pit may
be very conplicated: numerous slugs of varying concentrations may be noving
through the aquifer, to be detected only when they pass the screens of
observation wells or--sonetines years too |late--residential or public water
supply wells.

Soret hing |ike that happened at Price's Pit. About thirty residentia
supply wells were located close to the landfill, standing between the
landfill and the public supply wells. Contamnants fromthe landfill al nost
certainly reached those wells years ago. Again, the analogy with the
nineteenth century mners' canaries seems apt. Had those wells not been
there, recognition of the incident mght have followed serious exposures of a
popul ation of 40,000 individuals to many toxic chemcals and heavy netals.

But a careful analysis of what we stood to gain from avoiding the
Price's Pit incident must, in some way, consider all these possibilities: of
recognition, of transport, of exposure.

The Fire at Chemical Control

In the early nmorning hours of April 21, 1980, the Chemical Control site
in Elizabeth, New Jersey, caught fire. The site had already been closed by
the State Department of Environnental Conservation for violations of state
laws.  Substantial anounts of hazardous materials of various kinds had been
¥en0ved fromthe site between the date of closure and the norning of the

ire.

Neverthel ess, many thousands of drunms of hazardous chemicals remained on
the site, and were there on the norning the fire began. That fire lasted for
ten hours and produced pictures of drums lifted tens of meters into the air
after expl odi ng. Most seriously, perhaps, the fire sent a plune of toxic
smoke into the air. That plume could have been transported over the nearby
and heavily popul ated areas of the borough of Staten Island in New York

But transport was in fact restricted by favorable mneteorol ogy: the
gods, or at least the winds, were with us. During the course of the fire
wi nd speeds and directions were such that toxic funes were not carried over
heavily popul ated surrounding areas. The actual, or ex post, health damages
were probably small. But the ex ante damages may be significantly |arger:
had the fire occurred while w nd speeds were higher and wi nd directions
poi nted toward densely popul ated areas, things could have been worse. Since
it is ex ante damages that are relevant in thinking about what we are wlling
to do to avoid a Chemical Control-type incident, we are forced to think about
how to construct measures of ex ante damage. In some way we have to take
account of the full range of possible neteorological conditions, and be on
our guard agai nst averaging out extreme conditions too early in our
accounting. For by excluding even |ess probable extreme events, we may very
wel | be throwing away |arge associated damages, and thereby biasing our
estimates.



This is not just a theoretical issue: it was just this undue haste to
average over mneteorol ogical conditions that was one of the principal targets
of critics of the Reactor Safety Study. For that study presented a
conputation of the damages associated with a reactor accident at a
representative site. That representative site was constructed early in the
game by averaging over meteorol ogical conditions at the approximtely sixty
Anerican conmercial nuclear power reactor sites. But the actual risk to
popul ations fromthe nation's power reactors is domnated by the risk at two
particular sites, Indian Point in New York State and Zion in Illinois. Both
sit just north of large cities: I ndian Point north of New York Gty, and
Zion north of Chicago. The coincidence of a major release of radioactivity
and southerly winds would, at either site, lead to huge losses of life and
significant damages to property. By averaging too early, those |osses were
inadvertently elimnated by the Reactor Safety Study analysts

MAJCR EPI SCDES: DI LEMVAS OF EVALUATION AND POLI CY

The four episodes described above coul d be suppl emented by many ot hers,
but those four raise many of the dilemmas such epi sodes pose for society and
for efforts to mtigate or avoid such episodes--and efforts to eval uate
proposal s toward those ends. The Three Mle Island episode remnds us of the
reality of the question of psychic cost or of the cost of bearing what we
have called anxiety. That same incident at the sane tine tells us that it
can be difficult, both conceptually and practically, to talk in terms at once
sensible and probabilistic about the events triggering such episodes.

The Kepone episode and the Chem cal Control episode both force on our
attention the necessity of thinking about extrene events which, if not
unt hi nkable, are at least relatively inprobable. In the Kepone incident, the
worrisome extrene event is sudden transport of significant anounts of
bot t om sedi ment Kepone into the Chesapeake Bay, W th unpredictable
consequences for that unique and inperfectly-understood natural asset.
Simlarly, in the Chemcal Control incident, we suspect that we will have to
exam ne the full range of neteorological conditions that might have
acconpanied the fire, and that the early averaging of extreme neteorol ogies
may be a serious mstake.

From the Kepone episode, we may also draw the noral of what we m ght
call ex post cost asymetry: the ex post costs of prevention seemto have
been small relative to the ex post costs of remediation, and perhaps relative
to the ex post damages, even if no renediation is undertaken. And finally
fromthe Price's Pit incident, we abstract a feature we might call the many
subst ances probl em there are many chenical contam nants in the Upper
Cohansey aquifer under Price's Pit, and keeping track of those many potenti al
"bad actors" is itself difficult and costly. The nunber of those actors is
of course, another one of the |egacies of our period of chem ca
i nventiveness. How do we keep track of, and govern, those many chem cal s
once they have contam nated an aquifer or, for that matter, even before such
contam nati on?

As we contenplate changes in our policies for managi ng hazardous
substances, those issues will receive serious attention. They are



sufficiently novel, and difficult, to be labeled characteristics of what we
have cal | ed maj or episodes. W attach no enornous inportance to that choice
of termnology; sonme or all of these features are shared by what we have
become accustonmed to thinking of as routine, or ordinary, pollution. But we
bel i eve that choosing and using the term major episodes is useful in the way
that caricature can be: it focuses attention on those special features

Further, in the forthcom ng discussions of hazardous substance policy,
it is far fromclear that one disciplinary perspective should rule the roost.
But our own perspective is that of economcs |eavened by a bit of cognitive
psychol ogy and natural systens nodeling. And because the decisions to cone
I n hazardous substance policy, possibly including the proverbial decision to
do nothing, wll have inportant consequences for the way we allocate our
scarce human capital and environnmental resources, that perspective nust be
present.

THE ECONOM CS OF MAJOR EPI SCDES: A FOCUS

Costs and Benefits

Perhaps the first question a citizen mght ask about the episodes we
have described, or about any of the many simlar episodes, is: are those
epi sodes necessary? And perhaps the sinplest rendering of that question into
econoni cs, which abhors the notion of absolute necessity and substitutes the
notion of cost, is: what would it cost to avoid such episodes, or to
mtigate their consequences after they occur?

Surprisingly, answering such questions probably poses no serious
conceptual problens, even though the practical problenms nay be severe.
Marching though the illustrative incidents we have chosen may be the best way
to make the point. For the Three Mle Island accident, an upper bound on
that cost estimate is given by the cost differential, over and above nucl ear
electricity, for base |oad power froma plant not susceptible to a core
nmeltdown. And there are representatives of that latter class: clean (but
expensive) natural gas generation, or perhaps even nuclear electricity from a
gas-cool ed reactor. For the Kepone incident, the relevant cost is the cost
of avoi ding occupational exposures and releases to the environment: but such
costs are routinely generated by cost-estimation specialists working for
engi neering firns. For the Price's Pit episode, what nmatters is the
differential between the costs of "safe disposal of hazardous waste"--by
incineration or disposal in securely-lined landfills--and the operating and
capital costs of an operation like Price's Pit. And for the Chem cal Contro
epi sode, we might look at the difference between the costs of transportation
to, and disposal at, a site far fromany popul ated area, and the costs of
di sposal at the actual Chenmical Control site

There is no great difficulty in producing such cost estimates, and many
have been produced recently: nore estimates are sure to be forthcomng as we
| earn nore about safe |and disposal technol ogies, about incineration, and
about process changes and abatenent technologies. But if we had all those
Bresent and future cost estimates in hand in sone ultimte cost-engineering

ook of blueprints and costs, we would still have to ask ourselves an



inportant question: what are we willing to pay to avoid those episodes? For
it seens likely that, here as elsewhere, we can get what we pay for. [|f by
incurring greater costs we can further reduce the likelihood and severity of
maj or epi sodes, how nuch do we want to spend out of scarce resources wth
alternative uses? Put in other words, what are the benefits of reducing the
l'i kelihood, and the severity, of prospective major environnental episodes?

The Cost-Benefit Cal cul us

Under certain highly idealized conditions, conpetitive market prices can
gui de consumers and producers in allocating the scarce resources under their
control, and guide them so that everyone benefits. That this can happen was
of course recognized early, and publicized by Adam Smith. Mich of the
devel opnment of theoretical economcs since has been devoted to demarcating
the situations in which those idealized conditions do not hold. Wen they do
not, there is sonetinmes a presunption that the government nust or should play
a role in correcting that so-called market failure.

But, granted the presunption that the government should do sonething
the question renains: what should it do? The subdiscipline of econom cs
called public economics is, at least on the expenditure side, |argely
concerned with formulating rules for governnent action. [Invariably, those
rules are ained at "renoving the market failure" by generating the
information necessary for the government to act in a "market-like" way

Cost-benefit analysis is one kind of public economcs calculus for
gui ding governnent actions in cases of market failure. It came of age as
econom sts westled with water resource project analysis issues. In
principle, little could be sinmpler than the rule for project evaluation. If
a project has been proposed which provides, say, both market and nonmarket
benefits and costs, then try to do what the narket woul d. Estimate both
nonmarket costs and benefits, and then apply the decision rule: proceed with

the project if total benefits exceed total costs. If they do not, cancel the
proj ect .

This is about as sinmple as the Golden Rule, and may have |ead to about
as much confusion in practice. It has certainly generated an enornous body
of academ c disputation that may be only |oosely related to the inplications
of cost-benefit analysis in practice. Some have conjured up Burke's image of
a group of heartless "sophistikers, econonists, and calculators,” siting
plants or damming free-flowing rivers on the turn of a decimal point.
Charles Schultze, for exanple, believes that the main inpact of cost-benefit
analysis in water resource project evaluation has been to help kill projects
that were unanbi guous and dramatic losers. A simlar nodest success in the
hazardous materials policy area is a worthy anbition. But in any event, the
compari son of costs and benefits in that area is inevitable. The work of
cost-benefit theorists and practitioners over the past decades can help guide
those conparisons. And nore recent work by scholars in several areas can, as
we shall see, help shape those nethods to the particular and intriguing
requi rements of the major episodes.
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Cost-Benefit Analysis and Major Episodes: First Approach

| magi ne, then, that we are charged with witing a manual for
cost-benefit analysts of prospective facilities, or siting arrangenents
whi ch may conceivably lead to major episode. W may, for exanple, be siting
a hazardous waste facility, or we may be locating a chemcal plant on a mgjor
estuary. | magi ne further that the manual nust be witten quickly, using
wel | - devel oped and wel | -understood nethods, and that there is no tine for
serious reflection particularly about the special characteristics of ngjor
epi sodes that we have listed. Wat do we do?

H L. Mencken once said that for every question, econom sts have an

answer : one that is "sinple, neat, and wong." W prefer the formulation
"sinple, neat, and conventional." In developing that answer, begin with the
proj ect anal ogy. A policy ained at preventing, or mtigating, a ngjor

environnental episode is considered a project, and therefore a fitting
subject for cost-benefit analysis. The alternatives are elinmnate, or do not
elimnate, the possibility of an episode. The benefit associated with
elimnating the possibility of an episode is precisely the elimnated cost of
bearing the risk associated with that episode

Thus, we can apply standard cost-benefit methods to the major episode
case if we have a way of estimating the cost of bearing the risks associated
with an episode. And we do have a nore or less conventional way to make that
estimate. W sinply apply the standard theory of the cost of risk-bearing
that has evolved over the |last few decades. Let us suppose, for illustrative
pur poses, that sone prospective episode would inpose damages largely in the
form of damages to human health, and proceed from that supposition to a
nethod for estinmating the cost of bearing the episode risk. There are two
steps in that exercise. The first consists of what should be called risk
assessnent, or probability distribution estimtion. The second consists of
an exercise in valuing the range of consequences associated with a najor
epi sode

The two steps are logically independent, and in fact require very
different kinds of skills. The first step, risk assessment, mght be
undertaken by reliability engineers and natural systems nodel ers. [f, for
exanple, we are considering episodes associated with groundwater
contam nation from landfills, that risk assessment group would be charged, in
principle, with producing a probability distribution on popul ation exposures
to various levels of chemcal contamnants in the years after the |andfil
operations begin. In principle, there is nothing remarkabl e about such a
di stribution. Though we have argued, from the Three Mle Island incident,
that release probabilities may in practice be very difficult to construct,
the notion of a probability distribution over exposure time sequences is, in
itself, straightforward

The same can be said of at |east one approach to the second, or
valuation step. W wll shortly see that the approach itself is deserving of
scrutiny, but to see why we nmust think the |ogic behind that approach. W
begin with a few radical, and radically sinplifying, assunptions. W assume
that individuals know, and act upon, the correct probability distribution
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that our risk assessment teamw || be charged with estimating. W assune
that individuals make rational choices under uncertainty, and define
rationality with a set of axioms sinmilar to those that are the basis for the
modern theory of consumer choice under certainty. W further assume that
individuals treat certain risk categories as honogeneous conmmodities, and in
particular that risks to human health encountered on the job are treated as
homogeneous with risks to health from exposures to environnental pollutants
in the anbient environnmental nedia. And we further assune that individuals
val ue collective risk nmuch as they value individual risk.

Bringing those assunptions together allows us a sinple, neat set of
instructions to our valuation team To wit: take estinated risks to life,
and then value those risks at the prices revealed by individuals as they
choose anmong risky jobs in the labor market. W will, in fact, carry out
this program for the cases we shall study. But the radical sinplifying
assunptions underlying such estimates call for sone closer exam nation,
particularly when we recall the distinguishing characteristics of our mgjor
epi sodes. If risk assessnment is a difficult task for a group of highly-
trained reliability engineers, and if natural systems nodeling under extreme
conditions is the purview of scientists working with state-of-the-art
superconmputers, how are individuals supposed to derive good estimtes of
those probability distributions? Wre we to take the trouble to test, in the
| aboratory, axionms defining rational behavior under uncertainty, wll people
behave that way?

Do individuals treat all risks, or even all risks to life, as amounts of
some honogeneous quantity or do they value specific kinds of risks to life in
specific ways? And, finally, do individuals value individual and collective
risks differently?

Cost-Benefit Analysis and Major Episodes: The Dilemm

Those questions have been raised frequently, and forcefully, in recent
years, sonetimes inplicitly by nonecononists and, |ess frequently, by
econom sts with nagging doubts about the application of standard methods to
what seemto be some very nonstandard cases. If things run true to formin
econom cs, where good and bad ideas alike can survive over the centuries and
real refutation is rare, those questions will be with us for sone tine. But
at least one seens to have special clainms on our attention and effort here.
& restate the question: is it plausible, in thinking about major episodes,
to inmagine that individuals value those episodes on the basis of true
probabilities, and in the same ways that they value other nore famliar
ri sks?

To pose the question is alnost to answer it: it is not. But that
answer alone is insufficient, for Stigler's Law says that even a bad
(economc) theory is better than nothing, or seens better. In working our
way towards an alternative to a bad theory, it may help to recall the bases
for the famliar, but inplausible, theory.

The nodern econonic theory of choice under uncertainty is largely the
result of the efforts of econom sts working in the 1960's and 1970's, but it
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had its origins in the eighteenth century. The critical stimuli, as so often
in the history of science, were certain observed and seemngly paradoxica
facts of life. The same individual could be observed ganbling, or courting
risk, and buying insurance, or avoiding risk: why? And nost individuals
wll not pay an arbitrarily large sun1totplay a game in which they win 2"
dollars if the first head appears on the n" toss of a fair coin, even though
the expected value of that game is infinitely large: this is the famus St.
Pet ersburg paradox.

The decisive resolution of these paradoxes was given by Danie
Bernoul l'i, who for the first tine noticed, and formalized, the phenonenon of
risk aversion: individuals are averse to bearing risks, and will pay not to
bear particular risks. \What they are willing to pay is in effect the cost,
to them of bearing the associated risk.

But Bernoulli sinply assumed that individuals are risk averse. Such
assunptions are incompatible with the tenper of nodern economc theory, which
has taken the axiomatic nethod of pure mathematics as a nodel for the

derivation of behavioral rules. And in many real -life decisions under
uncertainty things are far less tidy than, say, in ganbling. For the odds of
a certain roll of a fair die are known, but in real-life choices under

uncertainty there is often no actuarial or a priori basis for probability
esti mates.

It is a neasure of the achievenent of Leonard Savage that his book The
Foundations of Statistics filled, in the 1950's, the gaps left by Bernoul li
In the elghteenth century. Savage begins with axioms defining rational
i ndi vidual choice under uncertainty. From those axions he derives a
representation of a rational individual's decision rule, and in that
representation there appear weighting factors having all the mathematica
properties associated with a probability distribution. The terns those
factors weight are exactly Bernoulli's utility terns. The theory of choice
under uncertainty has been closed; probabilities appear as convenient
summaries of individual beliefs about uncertain events, and they weight
individual utilities.

Savage's achievement is powerful and elegant. It can fairly be said
that his version of expected utility theory is the dom nant influence in the
nmodern econom ¢ theory of choice under uncertainty, and thus that his
i nfl uence perneates our understanding of insurance and |abor markets, of
corporate finance and the stock market. In fact it is everywhere that nodern
econom sts reason about the choices rational agents nake when facing
uncertainty. And since the normative appeal of Savage's axions is enornous,
this is as it should be

But there is a problemw th the theory: it lies on the positive, or
descriptive side. In the sinplest terns, individuals don't seemto act the
way Savage's theory says they should. This was pointed out soon after the
publication of Savage's book by the French econom st Maurice Allais, and the
results of his experinents go by the name of the Alais paradox. It has been
repeatedly confirned by |aboratory experiments with human subjects over the
past three decades, and the evidence is inpressive. Individuals violate the
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Savage axionms, and they violate themin ways that are both routine and
systemati c. The issue is not one of random deviations from a correct
behavioral theory: the behavioral theory is wong

W are a long way from understanding what to put in its place. Daniel
Kahneman and Amps Tversky, who have studied these issues for several decades
have cone as far as a proposal that individuals use several rules of thunb in
meki ng choices under uncertainty, rules wth sonme basis in previous
experience that are then applied in making decisions. Some of those rules
are conpatible with the notion that some nmeaning can be attached to
individual risk valuation, but others are not. And attenpts, typically based
upon nmodel s of cognitive processes proposed and devel oped by psychol ogi sts,
to put those rules of thunmb on a firmer theoretical foundation are in their
i nfancy.

The dilemma this situation poses for practical exercises in the cost and
benefit anal yses of major episodes can now be seen. If an analyst decides to
accept the Savage theory as a positive theory, and decides to assune that
individuals act as the theory suggests with nore or |ess correct
probabilities, he or she is on thin ice. For the episodic situations are
exactly those for which experience does not provide a good basis for the
formation of probabilistic judgenents.

[f, on the other hand, that analyst rejects any application of the
Savage theory as a positive theory, and in fact enbraces the list of rules of
thumb as descriptively, then he or she is left with no basis for valuation
what soever. In fact the conclusion is that there is no basis for application
of the cost-benefit calculus to major episodes, because there is no such
thing as a consistent individual valuation of the cost of bearing the risk of
such epi sodes.

Cost-Benefit Analysis and Major Episodes: Sone Conproni ses

W regard this dilemma as real and inescapable; it should be the focus,
over the next ten years or so, of nmjor cooperative research efforts
i nvol ving cognitive psychol ogi sts and econonic theorists. But the resol ution
of many of our outstanding issues in hazardous substance policy cannot and
will not wait for the success of that enterprise. And we are reluctant to
render a judgment that, in the interim the cost-benefit calculus has nothing
to contribute

Thus the follow ng guidelines seemattractive. For starters, we do
perform our anal yses of the costs of bearing the risks associated with major
epi sodes under the unpersuasive and highly idealized assunptions nost
naturally conpatible with expected utility theory. Those assunptions do
support a consistent notion of individual valuation of the cost of risk

bearing, and moreover they alnost certainly give conservative |ower bounds on
that cost. Good |ower bounds can convey useful information.

Eventually, we hope to go beyond that franework and perform sone

auxiliary estimates of the cost of risk bearing. Such estimates can be based
upon a few assunptions about the way in which individuals react to, and act
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after, a major episode. Specifically, we retain the Savage expected utility
formalism with its normative inplications. But we enrich its descriptive
power by assumng that individuals react to a major episode by increasing
their estimates of the probability of such an episode. COver time, those
probability estinmates can be revised gradually downward, if further najor
epi sodic events do not occur. That revison may be slow or rapid, depending
upon the tine period the individual chooses for revision. But the follow ng
argunent suggests that, in practice, it may be quite protracted. Consider
the situation of an individual living near the Three Mle Island site. He or
she may or may not have heard of the Reactor Safety Study bottomine estinmate
of one major reactor reactor accident in one hundred thousand reactor-years.
But like the billion dollar unit in which deficits are measured, that nunber
is so small that it is not internalized: it is cognitively negligible.

Suddenly that inpossible rare event occurs. The event, or episode, is
now cognitively plausible, and is effectively awarded a subjective
probability conparable to that awarded other, nore fanmliar hazards. Al nost
everyone in the United States is aware that driving is potentially hazardous
to their health, for exanple. New y-recognized dangers nmay then be assumed
about as dangerous as famliar ones, at least until additional experience
forces revision of that judgement.

But for rare events, the relevant measure of experience may be long in
coming. The residents of the Harrisburg, Pennsylvania area around Three Mle
Island are, for exanple, bringing suit in the Supreme Court of the United
States. That suit ainms at forcing the Nuclear Regulatory Commission to
prepare an Environnental Inpact Statenent for the startup of Three Mle
Island Unit 2, the reactor and plant that were not involved in the accident.
Suppose that in fact there is no reason to believe that Unit 2 is any riskier
than any other operating Anerican nucl ear power reactor. Are the plaintiffs,
justified, or rational, in clouding their judgements about Unit 2 with their
experience gained during the Unit 1 accident? Alternatively, suppose that
they have, after the Unit 1 accident, revised their accident probability
estimates sharply upward. Are they sinply applying those estimates to Unit
2, and is that application justified? And if so, should the Court
acknow edge that those beliefs, or anxieties, deserve adm nistrative and
regul atory recognition, and require the Nuclear Regulatory Conmission to take
them into account?

W have no sinple answers to those troubl esome questions. But the
schene we propose, in appendix E, is both testable and estinable, in
principle. And we believe that, since this issue is so critical to our
social and political judgenments about policies aimed at making major episodes
less likely, it should be explored

PLAN OF THE BOX

Now [ et us look forward over the next eight chapters. Chapter 2 is
devoted to the problem of valuing major environnental episodes. It begins by
taking up the conceptual problem of defining a willingness to pay to avoid
bearing a particular risk. Because there is a sinple and nore or |ess
standard approach to that problem we begin with an exposition of that
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appr oach. But because at |east some of the assunptions underlying that
approach are questionable in the najor episode case, a good deal of care is
taken with those assunptions. The reader is warned that there are stretches
of chapter 2 that are somewhat inconclusive; that, unfortunately, is true of
the state of parts of this art.

The next six chapters, chapters 3 through 8, are devoted to the three
case studies. Qur description and analysis of each case study extends over
two chapters. The first describes the episode, and provides an overview of
the problenms of nodeling environmental transport for that particular episode
The second chapter then carries through the actual analysis and conputation
of the costs of bearing the risk associated with the particular episode

In a ninth, and final, chapter, we bring together sone conclusions drawn
fromthe three case studies taken together, and provide the conventiona
statement of further research needs. Moreover, we offer a tentative and very
prelimnary set of reflections on what we call hazardous substance policy,
The reader is warned that those suggestions cannot pretend to have any firm
statistical basis in the three cases we have exam ned. Three is, by al nost
any neasure, far too small a sanple from what seems to be a rapidly expanding
uni verse of major environnental episodes associated with toxic substances.
Nevert hel ess, on the grounds that there has probably been a good deal of what
the cognitive psychologists call "general |earning" during this project,
those ruminations on policy are offered, clearly marked for what they are

Finally, a word about the appendices. This project has enbroiled the
author in more kinds of data than he cares to, or can, remenber. Not all of
those kinds of data were ultimately used. On the chance that even those data
may be of some use to other scholars working on these problenms, even they
have been described, in three data appendi ces, one for each case study. And
in addition to the data appendices, there are two others. One of those lists
the incidents we considered, but ultimately rejected, as case studies. The
other , parts of which are described in the research needs sections of chapter
9, deals with the valuation of what we call anxiety effects
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CHAPTER 2

ASSESSI NG AND VALUING RI SKS POSED BY MAJOR ENVI RONMENTAL
EPI SODES: A METHODOLOG CAL OVERVI EW

[ NTRODUCTI ON

Let us begin by setting out what we will call the standard nethod for
val ui ng maj or environmental episodes. I magine that a comunity is debating
whether to accept the siting of a facility which nay be the cause of what we
have called a major episode. That facility may be a chemnical plant |ocated
upstream of the comunity's water intakes; it may be a toxic waste disposa
site located above the community's drinking water or downw nd fromthe

community under prevailing wi nd conditions. What these exanples share is
easy to descri be: the possibility of releases fromthe facility being
transported by sone anbient environnental medi um and resulting in

environnmental danages or human exposures.

Figure 1 below is a generic representation of a figure we shall see for
each of our case study episodes. The initial decision node Dl represents an
explicit decision to site the facility, with the decision to site "voluntary"
in the sense that a decision not to site could, in principle, have been nade
Acceptance of that lottery inplies acceptance of what may happen as a result.
The chance node Pl corresponds to the possibility of a release of a hazardous
substance from the plant. If no such release occurs, the innocuous
consequence Cl stands for "no | osses." But the other branch of that
sublottery corresponds to a worse outcome. There may be hunan exposures, and
hunman health effects, fromthe initial release: see consequence C2.

Presumably a large, unscheduled release could not escape detection;, a
smal |, steady release mght, on the other hand, go undetected for nany years.
As we shall see, the relationship between releases and detection, and the
translation of that relationship into this or any other calculus of risk is

subt | e. For now, suppose that small, steady releases go unnoticed for many
years. If the released materials do not persist in the environment, then a
relatively innocuous consequence C3 may be the result. But if those

materials are persistent, there is the possibility of steady, |owlevel human
exposures, and the possibility of secondary rel eases formthe stock of
pol lutant, resulting in "delayed" human exposures--and damages to the service
flows provided by the environnental nedium

Now |l et us suppose that the community making the facility siting

decision is a community of one, the economist's traditional device for
separating the problem of individual valuation from the aggregation problem
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Figure 1. A Generic Major Environmental Episode
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Further suppose that the community accepts the approach to decisions under
uncertainty associated with the classic work of Leonard Savage, an approach
that is the basis for alnost all of the "econonmics of uncertainty.” Wit is
the cost to that individual of bearing the risk associated with the facility?
Put in other words, were the individual asked by some higher facility-siting
authority to submt an honest estimate of how much the individual nust be
conpensated for bearing the risk of the facility, what figure would the
i ndi vidual submt?

Here is the standard nethod for answering that question. Suppose that
our community understands, from figure 1 or sonething simlar, that there are
three kinds of uncertainties involved: those surrounding an initial release
those bearing on subsequent environmental transport, and those determ ning
consequent environnental and health effects. In the state-of-nature approach
to uncertainty, the state of nature s is a triple (Sg St Sg, Wth
conponents corresponding to release, transport, and exposures

Then what is required is a conbination of "risk assessment” and
"val uation" exercises. What has cone to be called a risk assessment is
nothing nmore than the distillation of vague beliefs into a probability
distribution (sg Sy, Sg on the states of nature. That task is made easier
because the problem naturally deconposes into a set of sonewhat independent
exercises requiring very different kinds of skills. It is conventional to
suppose that the random variables governing rel eases, transport, and the
consequences of exposure are independent, so that the distribution factors:

TI'(SR, ST, SE) = TrR(SR)TrT(sT)TTE(SE) (2 1)

In this case, safety experts can be assigned the job of estimting my(sg),
natural systems nodel ers of the task of estinating'mr(sT) and environnmenta
heal th specialists can work oNmL(sg)s

Gven a risk assessment of this kind, the valuation exercise is, in
principle, routine. Qur community knows its own risk preferences, summarized
by initial wealth parameter W. and a utility function u. If the nonetary
| oss suffered by the comunity when SE occurs is L(sg, then the community
should be willing to pay V to avoid bearing the lottery associated with the
facility, where V is inplicitly defined by:

Uy - V) = D msg, Sp, sgluly - Lisp)) (2.2)
SR’ST’SE
Equation (2.2) in effect organizes the rest of this chapter. The next
section, Estimating Source (or Release) Probabilities, treats the release, or
source, probability estimation problem In the follow ng section,

Environmental Transport Uncertainty, we turn to the contribution to the
overal|l episode lottery fromuncertainties in the environnental transport
media at the time the episode occurs and thereafter. The general idea will
be famliar to anyone who has ever ganmbled on the weather in planning an
outing or a trip. The returns to the enterprise will be very different in
rain and shine, and in deciding whether to nake the outing or trip, we nust
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form sone judgment of the relative likelihood of rain or shine. In the
section Exposure Estinmates, we take up the next of the najor sources of
uncertainty: the |inkage between anbi ent environmental concentrations of
pol | utants and human exposures to those pollutants. That |inkage is critica
to our estimates of one of the nobst inportant damage categories, damages to
human heal t h. The section Dose-Reponse Estimates takes up the uncertain
rel ationship between exposures and health effects, sonmetimes called the
dose-response rel ationship

Thus far, all of those relationships are the proper subject matter of
the natural and engineering sciences: reliability engineers have much to
tell us about release probabilities, natural systens nodel ers about
translating source terns into ambient concentrations, and physiologists and
epi dem ol ogi sts about the relationship between exposures and health effects.
But in the end, we are interested in dollar valuations of those danages, so
that they can be conpared however roughly, against estimates of the costs of
avoi di ng naj or epi sodes. That raises the valuation issue: how do we
translate our damage categories, such as environmental degradation and human
health effects, into dollar |losses? That issue is one on which reasonable

persons can and do differ, sonetimes vehenently. Wi | e some of those
di fferences are philosophical, they have a firmbasis in the serious
conceptual problens still plaguing the so-called value of life literature

Those problens, and the interpretation we have adopted of them for present
purposes, are discussed in the section The Valuation Problem

For the nost part, the discussion in this chapter is quite general
| eavened by references to the case studies. The case study chapters are the
place to ook to see what was actually done in each case. But there is some
purpose in seeing these episodes in a nore general light, and in sone
conparative perspective.

ESTI MATI NG SOURCE (OR RELEASE) PROBABILITIES

The initiating event for our generic case study episode is an
extraordinary release of some pollutants into the environment. It is obvious
that no release inplies no major episode, and equally obvious that estimates
of the value of policies aimed at avoiding such episodes will be sensitive to
estimates of release probabilities. And it is al nbost as obvious that
estimating those probabilities is difficult, precisely because the rarity of
the events in question neans that there is little or no actuarial base on
which to build.

In the end then, we are thrown back on either treating rel ease
probabilities as parametric, or on strong assunptions about the underlying
probability nodel for our purposes of risk assessment. The first strategy
seens easy; the second clearly requires some disciplined presentation and
j udgnent . In that presentation, we follow, at least for a tine, Pratt and
Zeckhauser (1982).
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Shoul d Rel ease Probabilities Be Taken as Paranetric?

In chapter 1, we argued fromthe Three Mle Island accident record that
good estimates of failure probabilities for rare events are extrenely
difficult to produce. Returning to the lottery depicted in figure 2.1, how
will that difficulty be reflected in discussion of public policies ained at
preventing, or mtigating, major episodes? One possibility is treatnent of
rel ease probabilities as the undetermned residual. The kind of question
suggested by the apparatus of figure 1 would then be: how high would the
probability of a major episode at a prospective site have to be to justify
the incurrence of a specified |evel of avoidance or mitigation costs? The
work product of the kind of exercise suggested by figure 1 would be a
function giving the dependence of those critical probabilities on avoi dance,
or mtigation, costs.

This is one kind of practical argument for treating release
probabilities as paranmetric. But there is another, perhaps nmore conpelling,
argument. It is far fromclear that the probabilities relevant to individua
ri sk perceptions are the true release probabilities: to the contrary, there
are powerful reasons for believing that some cognitively-deterni ned
probabilities, and not the ones that a conpetent risk-assessment team woul d
produce as estinmates, are what matters.

If that is the case, then our analyses should be done in such a way that
the sensitivities of all results to release probabilities are easy to
explore, and easy to understand

The Event Space for Release Probabilities

Return to the innocuous-|ooking expression Ta(sg) that occurs as a
factor in equation (2.1). Since by definition know edge of the state of
nature (for releases) sz renpves all uncertainty with respect to those
releases, the literal interpretation of that expression is: our subjective
probability distribution over rel eases. In principle, those individuals
bearing the risk of an episode should, according to the normative theory of
choi ce under uncertainty, sumarize their beliefs about plant hazards by
constructing such a distribution. 1In a world of perfect information and nore
or less trustworthy experts, a risk-assessnent team mght prepare estimates
of that distribution, and those estimates would find general acceptance anong
the popul ation at risk.

But in the world we actually live in, things are not so sinple. The
strictly technical task of release-probability assessment is challenging
enough: for a large and conplicated facility like a civilian nuclear power
plant, it can push our current conputational abilities to their limts. But
even worse, the relevant release probabilities depend, in sone intricate
ways, upon the relationship between the incentives facing the operators of
t hese technol ogies and upon the technol ogi es thensel ves. For that reason
alone, plausible subjective release probability estimates will be hard to
cone hy.
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W have already illustrated this argunent in our discussion, in chapter
1, of the Three Mle Island accident. There we suggested that a good failure
model of the plant, the key constituent of a good rel ease-probability model,
woul d necessarily build upon a good cognitive nmodel of operator behavior
under accident conditions. Take the argument one step further: upon what
principles should that cognitive nodel be built? Certainly, in part, it
should be built upon psychol ogical principles drawn from the hunman-factors
studies of the last decade. But such general principles alone are unlikely
to be sufficient. There is good reason to believe, for exanple, that
operator performance in nore or |less identical nuclear plants operating in
different countries varies across those countries. The explanation al nost
certainly lies in the different recruitment and incentive systens deployed by
the different countries. Thus, the incentive systens cannot be ignored in
model i ng rel ease probabilities. But it is far fromclear how to take them
into account.

The situation is broadly simlar for the case study incidents that we
exam ne below. In each case study setting, it seens plausible that decent
subj ective release probability estimates nust build upon substantially nore
know edge of the governing incentive systems, and their relationship to the
t echnol ogi es involved, than we have now. In the Kepone incident, there seens
to be little doubt that the Life Sciences managenment was know edgeabl e about
the releases of Kepone into the James. For the sake of the argunent, grant
this premse. For the same reason, grant the further prem se that managenent
made its decision not to halt operation, not to install abatenent equipnent,
and not to make process and configuration changes to |imt occupationa
exposures on "rational" bases. Here "rational"™ means rational in the sense
of Gary Becker's crimnals, who maximze expected utility. They do so by
commtting crimes which pass the ex ante test: given the probabilities of
detection, apprehension, conviction, and payoff, the "comit" lottery
increases expected utility. No noral judgment beclouds their calculations.

Disturbing as it is in sone respects, Becker's theory has substantia
plausibility for many run-of-the-mll crimes in the United States in the
1980s, and seens to have substantial explanatory power. And for crimes like
auto theft, the crime is so frequent, and the data on detection,
appr ehensi on, conviction, and payoff so abundant and accessible, that al nost
anyone can do the required calcul ations.

But if we seek to apply the Becker nodel to the Life Sciences
management, again for the sake of argument, what do we learn? Even if we
accept its general applicability, its explanatory power is sharply limted by
the very different kinds of probability estimates involved. For now the
rel evant probability estimates will be the managements' estimtes of the
detection, conviction, and penalty odds they face. Beyond a few generalities
about the relative ease of white collar, as opposed to blue collar crime, we

know very little about these things. In any event, what will really matter
are probability estimates at one further renove: the estimates oOf those

bearing the risk of the lottery of the probability estimtes held by those
contenplating inposing the risk of the episode lottery on the comunity.
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Turn now to the Price's Pit episode. There seems to be little reason
for euphemismhere: Price rather systematically and willfully violated the
conditions of his permt, and apparently alnost every cannon of safe |andfil
operating practice. That he evaded the consequences of his behavior for so
long nust be interpreted by many as evidence that Price's own estinmate of the

probability of detection and conviction was close to zero. By perhaps
inputing nore rationality to Price than is justified, we can see where those
calculations will lead a landfill operator who is "rational" in the sense
that Becker's crimnals are rational. Because groundwater noves so slowy, a
landfill operator whose site is only a mle fromthe nearest drinking water
well's will have more than ten years before contamnation from his landfill is
detected in drinking water. That operator, if unsuspected, can accept
nonpernitted wastes now and virtually drop theminto the aquifer. In that
way, he collects the fees and avoids the cost of liners or other retentive
devi ces. I f he abandons the site before contam nation is detected at any

water supply well, he has in effect privately appropriated, and depreci at ed,
a common proerty resource, the aquifer.

There is abundant evidence that something like this goes on, so that the
probabilities of detection and conviction have, in the past, been judged as
uni npressive. But that is only part of our problem of constructing release
probabilities for landfill sources. The part is know edge of what was
accepted for disposal at the landfill. It seems plausible to argue, at |east
in the Price case, that what was accepted was limted only by supply:
anything brought to the landfill would have been accepted by Price. But we
don't know very much about what will be offered under those terns.

Finally, consider the Chenmical Control incident. Here the parallels
with the Price case are extensive: the major difficulties in constructing
the probability distribution over releases arise from our poor know edge of
what was actually on the site. In the Chem cal Control case, because the
state was in the process of clearing the site when the fire occurred, we do
know soret hing, and we can use that information as a guide in constructing
our distribution.

Inferring Extreme Event Probabilities from Qccurrences: The Zeckhauser-Pratt
Argument

The events that we have called major episodes all are extrene events in
the sense of being |owprobability events. Qur perceptions of this may
change as time goes on and nore evidence accunulates. But fromthe vantage
point of the present, each of our case study episodes seems extraordinarily
bad, the result of inpressive negligence or worse, abetted by breakdown of
governance. And in sone ways, each of those episodes contributed to public
recogni tion of what was seen as a new class of hazard. This general
situation, with variations, is faniliar elsewhere: though floods of various
magni tudes are far from infrequent, catastrophic flood episodes significantly
increase public awareness of flood dangers.

Thus there may be a tendency in perceptions, and a tenptation in

anal ysis, to confound the first observed event of a particular class, or the
most recent event of a particular class, wth some recognition threshold.
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The next step, too, is tenpting, a reconstruction of the probability
distribution of events from those perceived recognition thresholds.

Recently, John Pratt and Richard Zeckhauser (1982) have exam ned the

bases for such an identification. Those authors are interested in
denmonstrating that when an extreme event occurs and draws attention to a
class of events, identifying the observed event with the recognition

threshold for the class leads to biased conclusions. Toward that end they

fornulate the following probability nodel for the process generating the
class of events. Introduce notatation as follows:

d Damages from an event, or "episode"

d' Magni tude of the first observed episode

t’ Time of observation of first episode

d, Recognition threshold for an episode

h Poi sson-process paraneter for event occurrence,
assunmed uniform over tine

f(d) Probability density of event magnitudes

Fy(d) Probability of an event of magnitude > d,

= conditional on occurrence

The nodel works as follows. There is sone probability per "unit tine" that
an event in the class occurs, with the time unit a natural neasure of the
amount of "exposure to hazard." Conditional on the occurrence of an event in
the class, there is some distribution of event nagnitudes, with probability
density f(d) and right-tail distribution of mass F,(d). Finally, there is
some recognition threshold du events smaller than dA go unnoticed, or
unreported.  The first noticed event arrives with magnitude d', so that d
necessarily satisfies d° > d, The natural question then arises: what are
we entitled to infer fromthat occurrence about the class of events?

Suppose that both h, the occurrence rate, and d, the recognition
threshol d, are unknown, but that the event magnitude distribution f(d) (and
thus also F,(d)) is known. Then a standard (Bayesian) answer to the question
is as follows. Begin with a prior distribution f (h, dp. Next construct
the likelihood function for the "data," in this case t' and d'. Here that
likelihood function is zero for d less than d, For d' greater than or
equal to d, it is the product of the probability of an episode greater than

the threshold (per unit tinme around tinme t') tines the probability that no
event occurs before t', or:

yo~t hF(dy) ,
(L7, 47 | b, 4,) o [RE(@DETT TTAT for d 2 dy (2.3)

{o ; otherwise
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Then by Bayes' Rule, the posterior distribution f,(h, d)) is given, up to a
mul tiplicative constant, by

£ith, dp) ~ 287, 4”7 | h, dy)f (h, dy) (2.4)

From that posterior joint distribution the marginal posterior distributions
of h and d,can be conputed. But those marginal distributions are just what
we want: they tell us how frequent episodes are (the marginal distribution
on h) and how high or Iow the recognition threshold is (the marginal
di stribution on d).

Wiat has been gained by this formalization? Pratt and Zeckhauser are
concerned to show that mstaken identification of d and d, inparts an upward
bias to estimates of the hazard rate. As they point out, that result is
obvious from the form of the likelihood function for their probability nodel:
since the factors multiplying t' in the exponential are reduced, the
l'i kelihood function overweights high values of h, and thus so does the
margi nal distribution.

But the Pratt-Zeckhauser construction assumes that the distribution f is
known. In fact it typically is not, so that it, too, nust be treated as
"parametric" in the inference problemfor h and d,,  That |eaves us with the
question of whether there is any real gain over the m stake agai nst which

these authors warn. The answer is the usual one: the gain is one of
explicitness. In the above schene, the sensitivity of inferences to the
underlying extreme-event distribution can be tested: in the case they warn

against, this cannot be done.

Finally, note that in an internediate case, where there are several
observed extreme events, the distribution f can be chosen from sone
parametric famly, and those parameters estimated, along with h and d,

ENVI RONVENTAL, TRANSPORT UNCERTAI NTY

Two Kinds of Uncertainties: A Formal Sinilarity

Bet ween rel eases of pollutants to the environnent and damages to the
environment and human health stand the transport processes of the anbient
envi ronment al nedi a. We begin with an essential distinction between two
kinds of uncertainty associated with transport and then show that, in sonme
inportant sense, that difference makes very little difference in the method
for making benefit estinmates.

One of the anbient nedia we will consider is groundwater. G oundwater
aquifers are extremely sluggish natural systems, with very |low flow
velocities and very long turnover times. In a sense those systems are, or
can be thought of as, entirely determnistic. But that does not mean that we
can predict, with great confidence, how contamnants injected into an aquifer
will spread. The source of the predictive uncertainty is our inprecise
know edge of the parameters of the transport system-the geonetry of the
pernmeabl e layer of the aquifer, the transmssivity of the perneable |ayer,
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and so on. Because information on those paraneters is costly, there
generally will be substantial residual uncertainty even after extensive site
surveys. But we will see that this formal simlarity, while intriguing, is
not enough to save us from some very tough problens in nodeling environnmenta
transport.

Practical Environmental Transport Uncertainty: The Determnistic Case, "Wth
| gnor ance”

Here the relevant exanple is groundwater, and the problens are
correspondingly easy to visualize. Mst of the water in the freshwater cycle
at any time is in fact in the form of groundwater aquifers, nmore or |less
confined within well-defined boundaries by layers of earth and rock differing
in permeability to water. Because nost of the volune of an aquifer is
conposed of solid earth or rock particles, water flows very slowy in those
media: the flow volune is restricted, and nmuch work nmust be done against the
| arge surface area of solid with which the fluid is in contact. Some nunbers
my help: if many rivers flow at speeds of about one foot per second, the
convective flow velocity in many aquifers is often as |ow as one foot per
day. Renmenbering that there are 86,400 seconds in a day, that is a factor of
86,400 nore slowy. Aquifers do, of course, turn over: they |ose water
natural ly from outflows and by evaporation upwards through the water table,
and "unnaturally" through punping withdrawals. And they are recharged by
inflows in particular sites and areas. But both those processes are slow,
and many inportant aquifers turn over their contents only over periods as
long as three to seven or eight centuries.

Consequently, the stochastic features of the nore easily accessible
environnental nedia, such as surface water flows and rainfall, are sinply not
present in anything like the sane way in the groundwater cycle. Short-term
fluctuations in rainfall and other sources of recharge will be "averaged out"
by the long aquifer turnover times, so that only mean rainfall over many
years matters. For all practical purposes, we can treat aquifers as
determnistic nedia.

But what we gain by banishing determinism we |ose in accessibility:
aquifers flow underground, sonetines tens of hundreds of feet bel ow the
surface, and measurenments of their boundaries and flow characteristics are
necessarily expensive and inprecise. In some extrenely honobgeneous and
regul arly-configured aquifers, things are sinple. Particularly when an
aqui fer consists of a honbgeneous perneable |ayer, say of sand, confined
bet ween two regul ar inperneable |ayers, a few well borings may be sufficient
to establish-the geometry. But in many inportant practical cases, things are
far fromsinple. The aquifer boundaries nmay be irregular, and the perneable
medi um of the aquifer itself may differ substantially in its properties over
space and even in different directions at each point.

In those heterogeneous aqui fer cases, we will always be somewhat
uncertain about both the boundary of the aquifer and the spatial distribution
of flow characteristics within the aquifer. At some cost, we can drill nore
and learn nore, but it will always be too expensive, and irrational, to
remove all our ignorance of the aquifer's geohydrology. The ignorance that
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remains we sunmarize in the probability distributions Mo (sp), with the state
of nature variable s; referring to that ignorance.

Practical Environnental Transport Uncertainty: The Stochastic Case

For the remaining two cases, the Kepone episode and the Chemcal Control
epi sode, the kind of uncertainty that arises from the environnmental transport
nmedium is nore famliar, particularly to water resource specialists. In both
cases, the properties. of the environmental transport medium are inherently
stochastic, and nust be treated as such.

In the Kepone episode, there are two relevant sources of stochastic
behavi or for the environnental transport medium the waters of the ,James
estuary. The first is the nmore or less "nornmal" stochastic variation in
freshwater inflows into the James. That variation has been abundantly
measured, and rmodel s incorporating that variation extensively devel oped, over
the past few decades. The subdiscipline of stochastic hydrology is in fact
concerned with the problem of generating the best possible estimate of the
"true" underlying flow distribution from existing historical flow data

But there is a second source of stochastic behavior in James flow
there can be periods of very high flow associated with extraordinary events,
such as hurricanes or coastal floodings. Unlike the "normal" sources of flow
variation, those extraordinary events can not easily be nodeled as
mani festations of an underlying probability distribution. Nevert hel ess,
there have been attenpts to estimate such a distribution.

And conceptual ly, the two kinds of probability distributions nmerge into
one master distribution, the distribution of flows in the James estuary. The
latter distribution is essentially the one we need, for our principal concern
will be the possibility of transporting substantial amunts of bottom
sediment into the Chesapeake Bay. Since the probability distribution of
Kepone transport can be constructed from the probability distribution of
Janes estuary flows, we can identify the state of nature variable s for the
Kepone epi sode with Janes flow. The relevant distributionm(s,) can be
constructed by bringing together, in the appropriate way, thé nbrmal and
extraordinary parts of the James flow distribution.

In carrying out that exercise, we will in fact use a rather prinitive
kind of stochastic hydrology: in constructing the normal part of the Janes
River flow distribution, we will expand upon the evidence in the historica
trace of Janes flows by generating additional flow sequences representing
draws on the same underlying distribution.

EXPOSURE ESTI MATES

For damages to human health resulting from exposures to environmenta
pollutants, a particular factorization of the problem has becone
conventional . W separate the process into exposure and dose-response
conponent s. Conceptual |y, exposure is sinply the tine profile of
contam nants to which an individual or a population is subject: there are as
many observations as the product of the number of time periods and the nunber
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of contam nants. And, again conceptually, there is a time profile of health
status variables with some functional dependence on the exposure time series.
That functional dependence is called the dose-response function

In our equation (2.1), both of these conponents, exposure and
dose-response, have been sunmmarized by the state-of-nature variable sg  and
by the distribution m.(s.) defined over that variable. The anbi guous
subscript E used in at’ summary variable allows, in principle, for a
t wo- conponent. state-of-nature variable summarizing what we know about both
exposure and dose-response

But what we know about exposure is relatively easy to sumarize. For
exposures through the drinking water route we know, nore or |ess, that
individuals tend to drink a liter or two of water a day. Never mnd that
many people by now have switched to bottled water, for reasons of both taste
and concern about health. In principle, this latter conplication could be
accommodated by estimating the demand for Dbottled (and presunably
contamnant-free) water as a function of price, beliefs about the health
effects of contam nants, and other variables. This we have not done; all our
drinking water route exposure estinmates are based upon the two liters per day
assunpti on.

But for one of our case studies, the Chemcal Control case, the exposure
route is air: individuals breathe toxic contamnants put into the air by the
fire. Qur conputation of contanmi nant concentrations give concentrations in
the anbient air. Transl ation of those concentrations into exposure nust
recogni ze the rather obvious fact that people spend nost of their tine
indoors. It has become conventional to adjust for that fact by multiplying
the "raw' exposures by a factor of 0.1, and that is the adjustment procedure
we have adopt ed.

DOSE- RESPONSE  ESTI MATES

W have already suggested that the really difficult conponent of the
state of nature variable sg sunmarizing what we know of exposure and
dose-response relationships is the conponent sunmarizing the latter. For in
principle we know how to neasure exposures: neasure anbient concentrations
of the relevant contam nants at several points in tine. However expensive
an subject to error the actual procedures are, the principle is at |east
clear.

But the sane is not the case for what have cone to be called
dose-response relationships. At the sinplest level, even if the notion of a
functional relationship between dose and response was beyond question, it
woul d be far fromclear which functions to estimate fromwhich data. For
exposure to a particular chemcal contam nant, for exanple, what is the

rel evant, and presumably rel ated, response: all cancers, some cancers, or
sone other disease categories?

That is the probl emunder attack, at present, by both |aboratory

toxi col ogi sts and epi dem ol ogi sts. The former actually subject organisns,
ranging from bacteria to rodents, to the chemcal in question, and fromthe
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observed response attenpt to infer, or estimate the paraneters of, a
dose-response rel ationship. They therefore have the advantage of working

with a presumably controlled popul ation under presunably controlled
condi tions of exposure.

But they are, in another sense, seriously disadvantaged: they do not
work with human popul ations which are, after all, the relevant ones for human
health effect dose-response estimates. Epidem ologists, who attenpt to infer
dose-response relationships in humans from exposure and health data on hunman
popul ations, in a sense make the opposite tradeoff. Wiile they do work with
data on human popul ations, they necessarily surrender the advantages inherent
in data from controlled experiments

The state of the art in dose-response estimation is such that neither of
these methods is clearly superior to the other. \Were evidence from one or
the other method is available, that will have to do;, where evidence from both
methods is available, judgnent nust be applied in synthesizing those data

For our three case studies, the situation varies considerably. Perhaps
the nost straightforward is the Kepone case. Kepone is a single,
wel | -defined chenmical substance that has been tested in aninal bioassays for
carci nogeni city. Assume for the noment that cancer induction is the only
health effect of Kepone ingestion. Then the nost inportant renaining
question is what is sometimes referred to as the question of extrapolation:
are chemcals that test positive as animal carcinogens necessarily human
carcinogens? And if so, how are the carcinogenic potencies in aninmals and
humans rel ated? Because there are no settled answers to those questions, we
have, in the Kepone case study, examined the sensitivity of damage estimates
to carcinogenic potency.

In the Price's Pit case study, things are better in some respects but,
unfortunately, worse in others. They are better, or at least better defined,
in the precise sense that the Environmental Protection Agency has, for each
of one hundred twenty-nine so-called priority (water) pollutants, pronulgated
| ower and upper limits on toxicity. They are worse in the sense that those
are single-chemcal toxicity estimates, and restricted to the chem cals on
the priority pollutant |ist. It is far fromclear what the human health
effects of those pollutants, taken together, are. And it is far fromclear
that the chemcals present in Price's Pit but not listed as priority
pol lutants have negligible effects. Nevertheless, we have, for the Price's
Pit case study, sinmply added the risks fromthe priority pollutant chenicals.
In doing so, the lower and upper bounds of the individual-chenmical add up to
overal | |ower and upper bounds

The Chemical Control case study involves human health damages from
inhalation of toxic snoke. W will see that it is difficult to identify the
chem cal constituents of toxic snoke from burning of even such prosaic
materials as wood. For that reason we will sinply use a range of chronic
effect toxicities based upon |inear extrapolation of the accute effect
toxicity of an inportant product of any fire: carbon nonoxide. That this
approach is unsatisfactory hardly need be enphasized. But until we have a
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better theory of conbustion it, or sonmething that is not much better, will
probably have to do.

Finally, let us return to a point mentioned above: the presupposition
that there is a stable dose-response relationship. Simlar presuppositions
are common in all enpirical science, and the phenomenol ogical |aws derived by
conbi ning such presuppositions with sonme data are the basis of nuch

engi neering. But there is something troubling about carrying this nethod
over into the biological sciences, particularly when the rel evant exposures
are at the parts per billion level. Perhaps an anal ogy will suggest what

seens questionable: what relationship can capture the response, in degraded
performance, attributed to various doses of error in system progranmm ng?
Both "dose" and "response” seemtoo broad to capture much of what is really
happeni ng.

THE VALUATI ON PROBLEM

Return now to equation (2.2). Thus far we have been worrying about
producing estinmates of the joint probability distribution (s, Spy Sp). But
we are ultimtely interested in V. the cost, to the Connu§}ty at F}sk, of
bearing the risk associated with the hypothetical episode. I'n principle,
that requires that we know sonething about u, the community's utility
function, and W, an "initial wealth" paraneter. Taken together, the

function u and the number W, summarize the comunity's attitude toward
epi sode ri sks.

But who is "the community"? Individuals certainly will differ in their
attitudes toward all kinds of risks, including the risks associated with
maj or episodes. And how are we to neasure, or even |earn about, constructs
like u and W, when nost of our observations are necessarily of individua
behavior? These questions are active research topics, and wll be for sone
time. For present purposes, what we need are plausible answers that seem
appropriate to the major episode cases we will examne. W develop those
answers in tw stages. First, we sharpen the distinction between individua
and collective risk, a distinction central to the valuation of mgjor
epi sodes. Then we review the evidence on individual risk valuation, and
close with some warnings about its relevance here and uncritical adoption
el sewhere.

The Distinction Between |ndividual and Col |l ective R sk

Here we want a clear statenent of the distinction between individual and
collective risk, and of the relevance of that distinction for major episode
risk valuation. Individual risk is the easy case: these are the famliar,
insurable risks. Roughly, a risk is individual if it is independent across
i ndi vi dual s: the event a New Yorker will have an auto accident inposing a
$10,000 loss is independent of the event a San Franciscan will have an auto
acci dent inposing a $10, 000 | oss. Here we use the term independence
"naively," but the meaning should be clear: the occurrence (or
nonoccurrence) of the New York event will be of no use in predicting the San
Franci sco event.
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However unpleasant the |osses associated with individual risk are to the
i ndi vidual s involved, their very independence allows society to "adjust" for
them-to spread those |osses--in a particularly convenient and appealing way.
The nechani sm of course, is insurance. If there are many individuals
subject to the same kind of individual risk, an insurance conpany can sel
I nsurance agai nst the corresponding | osses at a price equal to the expected,
or "actuarial," loss faced by each individual. And if those individuals are
risk-averse, so that they prefer a certain, but slightly smaller, incone to
an uncertain higher income (Wth the possibility of a large loss), they wll
buy that insurance

But we all face risks of a very different kind: collective risks such
as the risk of recession, the risk of war, and the risk of exposures of toxic
pol lutants released in a major environmental episode. The distingui shing
feature of those risks is their collectiveness: when the unenploynent rate
Is greater than 10% say, earnings |osses fromfurloughs and |ayoffs are not
I ndependent across individuals. Put another way, the unenployment rate in
New York is a good predictor of the unenployment rate in San Francisco. And
an insurance conpany cannot sell unenployment insurance at reasonable rates:
any conpany that did so would expose itself to intol erable danger of
bankruptcy during the sl unp.

The sane kind of argument goes through, with nodifications and sone

qual ifications, for major environnental episodes. |magine that all asbestos
workers during Wrld War 1l had been sold health insurance and life insurance
policies specifically tied to subsequent incidence of asbestos-related
cancer. Because the true state of nature has turned out to be "asbestos

causes nesothelioma," and because the risks facing individual asbestos
wor kers of subsequent nesothelioma are highly correlated, any conpany selling
such insurance woul d have long since been bankrupt. Note that all asbestos
wor kers have not contracted nesothelioma, probably because of significant
i ndividual variations in exposure and susceptibility. But even in the case
i n which exposures were identical across individuals but susceptibilities
differ, so that not all individuals contract nesotheliona, there is a
col l ectiveness to the risk. Since individuals do not know their own
susceptibilities, each individual has, upon exposure, been "endowed" with the
lottery on future mesothelioma. The "endownent" is a collective good, and
the future risk a collective risk.

Some formal rendering of these arguments may help here. W enploy the
state of nature (SON) approach to uncertainty. For n individuals in the SON
approach, take

S = is(i)
{21

2
s - 35 @
k=1
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An element of S is a k-tuple

9 C..,S

(s, LA

Conponent 1 describes an individual risk if the marginal distributions py,
on S and py; on S satisfy

n
i
P(s, 1, oer, 8,0 - iT-r1PH(s1( )y (2.6)
Conmponent . 1_describes a col lective risk if, necessarily, the realized
s1(1), i=1, ..., N, satisfy

81(1)= 81(2) = seey = 81(n) = S1 € S(1) (2.”

and the Sf'% i =1, ... n, are copies of one another. In the individual
risk case, were we to set out to value a policy which mght reduce the
exposure of individuals to that risk, we would have to renenber that
I nsurance arrangements will arise to reduce that exposure. That is nade
possible by the statistical independence of the random variables in (2.6).
But for a collective risk, things are both tougher for society, and easier
for the analyst: I nsurance arrangements will not arise, and need not be
considered, in valuing policies aimed at reducing our collective exposure to
the particular collective risk in question

Thus we have an answer to the aggregation problem for n identica
individuals, the utility function u in equation (2.2) is n tines each
individual's utility function with respect to the collective risk.

But where are we to find evidence on individual attitudes toward
col lective risks? Much of the evidence we have--frominsurance narkets, from
the stock market, from participation rates in dangerous sports--is obviously
about attitudes toward individual risk. Attitudes toward collective risk
show up, but in ways that nakes the evidence harder to interpret: in
attitudes toward defense spending, flood control prograns, price support
programs, and the like. That evidence is only now getting its due share of
attention. For the present, we have to make what use we can of evidence on
i ndividual attitudes toward individual risks

I ndi vi dual Val uations of |ndividual Risks: The Ambi guous Evi dence

For alnmost thirty years, Leonard Savage's (1954) version of expected
utility theory has dom nated the thinking of econom sts on decision making
under uncertainty. Savage's work conpleted a devel opnment that began with, or
before, the efforts of Bernoulli in the eighteenth century. And his
exposition in his semnal The Foundations of Statistics is memorable. These
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facts account, in part, for the dom nant position of Savage's expected
utility theory.

It is easy to go from Savage's expected utility theory to two kinds of
met hods for incorporating risk and uncertainty into cost-benefit analysis.
In the first, one "estimates" utility functions, then uses those functions to
compute monetary equival ents (either equivalent or conpensating variations)
of project-related uncertain consequences. In the second, look for a setting
in which individuals reveal, through their trades in "inplicit" markets,
their marginal valuations of increnental nortality risk. Then val ue policies
which increase, or decrease, nortality risk incrementally at that revealed
val ue.

VW will follow a variant of that second nethod in sone of our valuation
exercises, but only with some m sgivings. Those misgivings arise in tw
ways:  from conparisons of existing attenpts to derive such inplicit market
valuations, and from | aboratory experiments on human decision making under
uncertainty. W briefly review each of these sources of evidence, and then
turn to the inplications of both, taken together, for our work

Table 1 below, conpiled by Mrdechai Shechter, summarizes the findings
of sonme recent enpirical work on the valuation of nortality risk. Perhaps
the salient feature of that summary is the w de range of estimates of the
"value of life" that arise: for exanple, the Jones-Lee (1976) and Acton
(1973) values differ by two orders of magnitude. One of the best known
studies, the Thaler and Rosen (1975) study, produces a value very near the
| ower end of that range

There are at |least two obvious inplications of table 1 for cost-benefit
anal ysi s. In the case, fortunate for cost-benefit analysts, where policy
conclusions are insensitive to variation over the whole range of "life
val ues" between $100 and $10,000, there is no problem But where such
conclusions are sensitive to such variation, there nust be sone effort to
understand, in a systematic way, the determnants of the values reported in
table 1.

Now take note of the second line of work requiring that we push beyond
the standard treatment of uncertainty in cost-benefit analysis. Laboratory
experiments over the past twenty-five years ained at testing the hypothesis
that individuals act in a manner consistent with the Savage axi ons have
converged on the conclusion that they do not. Some of those axions are in
fact consistently violated, and the pattern of violation is sufficiently
stable to require renewed attenpts at explanation. This area is inits
infancy, but there are already some plausible alternative approaches. In the
next subsection, we take up our own.

The Assunptions of the Standard Method Revisited

The variation in the values of table 1 is so wide that it is natural to
return to the assunptions wunderlying equation (2.2), so that we can
reconsi der both the plausibility and their applicability to the major
epi sodes case. Those assunptions include the bases for the standard
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Table 1. Values-of-Life Estimates

Associ at ed
Value of Life Incremental
Source of Evidence Aut hor s (1980 U.S. 3§, Lifetime
t housands) ® Mortality
Ri sk
Inplicit Values From
Labor Market Activity:
Blue collar workers in  Dillingham (1979) $ 378 10°°
manuf acturing &
construction
Wrkers in risky Thal er & Rosen (1975) 494 10°®
occupat i ons
Mal es in manufac- Snith (1976) 2,785 10°°
turing industries
Blue collar workers Viscusi (1978) 2,820 10°°
Inplicit Values From
Consunption Activity:
Resi dential housing Portney (1981) 180 10°°
mar ket
Resi dential snoke Dardis (1980) 351 10°°
al arns
H ghway speed Ghosh, Lees, & 419 10°°
Seal (1975)
Auto seat belt use Bl ommui st (1979) 466 10°°
Contingent Val ues:
Air travel Frankel (1979) 57 10'2
3,372 10",
Jones-Lee (1976) 10, 120 107
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Table 1. Continued

Associ at ed
Value of Life Incrementa
Source of Evidence Aut hor s (1980 U.S. §, Lifetinme
t housands) * Mortality
Ri sk
Heart attack Acton (1973) 59 2 x 1077
prevention 91 1x 10°
Nucl ear power Mil i gan (1977) 428 10°
3,576 10°
Reduci ng cancer Landefel d (1979) 1,632 10"
mortality
Modi fied Human Capital :
U.S. popul ation by Landef el d & Seskin 898°
sex & age group (1981)
Neopl asm (cancer) Arthur (1981) 185° 4 x 10°%°
| nplied Policy Values:
Tri hal omet hanes in EPA (1979) 227 (status
wat er quo to
100 ng/l)
Arseni c OWPS® (1976) 6, 800 (appy ox,
107 to
10°°)
Vinyl Chloride Perry & Qutlaw (1978) 9, 450 (appr ox
2 x 107
to 10

®Al'l values are converted to 1980 dollars using the B.L.S. Consumer

Price Index.

"Council on \age and Price Stability.

‘For males aged 40 to 44.
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Table 1. Continued

“The val ue depends on the (assuned) value of the elasticity of
consunption, €, assuned constant across age, wheree = cu’(C)/u(C)., ¢ =1

inmplies u is linear in consunption. An intermediate value, € = 0.6 was
postul ated here.

°Ri sk reduction is age-specific and ranges from3 x 10 (age 0) to
almost 3 x 10.7" (age 80). The listed risk is associated with an age of 40.

Sources: Bl onguist (1981), Gaham and Vaupel (1981), Landefeld and Seskin
(1981), Kimm et al. (1981), Arthur (1981).
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normative theory of individual choice under uncertainty, the interpretation

we have given them for the episodes cases, and the use of inferences about
risk attitudes drawn from inplicit-market studies

The first set of assunptions has to do with the probabilities appearing
in equation (2.2): those are taken to be objective
probabilities. By "objective," here we nean corresponding to the best
efforts of a team of expert risk assessors: the nore usual interpretation of
objective as associated with repetitive identical events obviously has no

rel evance to the major episode case, since major episodes are definitionally
I nfrequent.

The second set of assunptions has to do with the utility function u and
the parameter W, of equation (2.2). Taken together, they deternine the
comunity's degree of aversion to the risk associated with a major episode,
and therefore the anmount the commnity is willing to pay not to have to bear

the risk of a major episode. If we sinply apply the evidence generated by
i ndi vidual behavior in inmplicit markets to our problem of "estinating" u and
W, then we have nade two assunptions. The first is that individual

attitudes toward collective risk are identical with individual attitudes
toward individual risk. And the second is that individual attitudes across
classes of simlar nortality-related risks are identical: for exanple, that
individuals treat increnental nortality risks of wvarious Kkinds as
representatives of some honobgeneous comodity.

It is not hard to concoct arguments for the inplausibility of nost of
t hese assunptions, and even easier to indicate why they are particularly
i napplicable to the najor episodes case. But we suspect that the nost
inportant problens arise from the assunptions on individual know edge of, and
treatment of, the probability distribution. For that reason we focus, in the
next subsection, on that class of objections to the literal interpretation of
equation (2.2).

THE NOTION OF ANXIETY

In chapter 1 we argued, in our description of the Three Mle Island
accident, that the anxieties associated with the incident were an inportant
conponent of the costs of bearing the risk of that, and future, incidents.
W used the term "anxiety" naively, as if its meaning were clear, and nost of
us have sone nore or |less clear general idea of what it neans to be
"anxi ous. "

But if we are to nake estimates of the cost of such anxieties, and if
those estinmates are to have any pretensions to precision, we have to sharpen
our definition of "anxiety," and bring that sharpened notion into the domain
of utility theory. Wien we try to do that, we will see that there are
several plausible candidate notions of anxiety, and that each has sonething
to recommend it.

Perhaps the easiest way to being to set out the problemis with a

formulati on of Thomas Schelling's (Zeckhauser, 1974). In comrenting on one
proposal for incorporation anxiety into utility theory, Schelling argues that
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the notion of rationality and the notion of anxiety may be inconpatible. For
economi sts, "“rationality" of course has a very precise neaning. The axions
of consumer preference theory, for exanple, define what is nmeant by a
rati onal consuner; the usual use of those axions, the derivation of a utility

function representing those preferences, sinply provides a convenient sumary
representation of those axions.

But, asks Schelling, does that nmean that a "rational" individual should
not be subject to anxiety? For if anxiety is unconfortable or disabling, the
"rational" individual must worry about it, just as he or she would worry
about the utility effects of a crippling disease. But then the question
raised is the fanmliar one about the "real ne": is a rational individual the
one living in a nervous body, or is that individual irrational because his or
her anxieties spoil much else that nmight be pleasurable, thereby dimnishing
utility?

Schel ling's connundrums can only be straightened out if we pick apart
the relatively broad and vague notion of anxiety, and parse it into better
defined, and nore manageabl e, notions.

At first glance there are many. W list only the nost obvious. There

(PR) Anxi ety as probability revision: the underlying idea is that
i ndividuals are skeptical of the independence of even "genuinely"
i ndependent events. When rare, damagi ng events occur, they revise

subj ective probabilities upwards; subsequently, barring repetitions,
those same probabilities are reviewed downwards by the sane
novi ng-average nodel. Since subjective probabilities are the relevant
ones for risk valuation, those revised probabilities are what matter
for estimates of the cost of risk bearing

(SD) Anxi ety as state dependence: choosing sone ganbles, or being
subjected to others, effectively changes the individual's utility
function, so that subsequent lotteries are evaluated differently.

(SEQ Anxiety as sequentiality: the valuation of intertemporal lotteries
can depend on the tinming of the resolution of uncertainty. This can
happen in two distinct ways, either or both of which may be present in
particular cases. The first is a pure "rebudgeting," or intertenpora
reallocation effect: earlier know edge is valuable, because it makes
better intertenporal allocations attainable. The second we call a
"pure know edge" effect: utility depends upon know ng sonething wll
happen in the future, independently of being able to do anything about
it. This latter case is indistinguisable fromwhat we have called
"state dependence."”

(BPI) Anxiety as belief-preference interdependence: here utility depends
directly upon probabilities; the characteristic independence results
of expected utility theory break down.
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Anxi ety and cognitive dissonance: anxieties inpose a real cost of
fear. Individuals reduce that cost by "rationale" deluding thenselves
about the risks producing those fears. Those delusions are rational
in the follow ng sense: they are pushed just far enough to bal ance
the reduced costs of fear and the increased costs of accidents
associated with the "mistaken" probability judgnents.
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CHAPTER 3

KEPONE CONTAM NATI ON OF THE JAMES RI VER

[ NTRODUCTI ON

Kepone, an environmentally persistent and highly toxic pesticide, was
devel oped by Allied Chemcal Corporation in 1949 at its plant in Hopewell,
Virginia. Patented by Allied in 1952, it was registered as required by the
federal governnent for commercial sale as a pesticide. Kepone has since been
used to control ants, roaches, potato beetles, and banana borers. During the
si xteen years of its production, Kepone never exceeded 0.1 percent of
America's total pesticide production. Annual sales during this period were
| ess than $200,000 (CGoldfarb, 1978).

In the 1960s, the Food and Drug Admi nistration banned its domestic use
on food crops gTayI or, 1977). Thereafter, Kepone was produced prinmarily for

export narkets. Al'lied produced Kepone at its Hopewell, Virginia, plant
intermttently between 1966 to 1974. In 1974, the corporation contracted
with Life Sciences Products, Inc., a conpany formed by two forner enployees,
to produce Kepone. Under the contract, Life Sciences was to produce the
pesticide for a fee, while Allied would retain ownership of both raw
materials and final product. Life Sciences produced Kepone at Hopewel!l for

sixteen nmonths. Those production operations were halted in July 1975, when
the Departnent of Health of the Commonwealth of Virginia ordered the plant
cl osed. The reason: symptons of acute Kepone exposure anpng Life Science
production worKkers.

What had gone wong? It does not seemthat information on the acute
toxicity of Kepone was unavailable. Alied Chenmical had conducted toxicity
tests in the 1950s to obtain registration under the Federal |nsecticide,
Fungi ci de and Rodenticide Act. And Allied subsequently contracted with the
Medi cal College of Virginia to study the acute, subchronic, and chronic

toxicity of Kepone (Sterrett and Boss, 1977). In those tests, Kepone was
found carcinogenic and highly toxic in all species tested, but those results
remai ned confidential (Jaeger, 1976). For that reason, Allied gave the Food
and Drug Administration only "limted toxicological data" (Johnson, 1976)

when that agency registered Kepone for narketing.

Moreover, it seens clear that Kepone production operations can be
conducted without undue risk to production workers. There were no reports of
acute toxic effects during the period in which Allied Chenical directly
controlled production operations. Kepone spills were closely controlled, and
wor kers wore safety glasses, rubber boots, and gloves (Coldfarb, 1978). Al
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this changed radically when Life Sciences assuned control of Kepone
production. In April 1974, within three weeks of the start of Life Sciences
pl ant operation, synmptons of acute Kepone exposure anong Life Sciences
production workers were observed. Several of those workers becane si ck Wi th
tremors, dizziness, and nervousness, synptoms that were called the "Kepone
shakes." In Septenmber 1974, a former Life Sciences enployee filed a
conplaint with the Federal COccupational Safety and Health Adm nistration.

But no inspection of the plant was undertaken by that federal agency:

i ndi vidual complaints do not automatically lead to agency inspections.

In February of 1975, the Virginia Air Pollution Control Board cited Life
Sciences for failing to obtain an air permt. The Board had determ ned that
rel ease of sulfur oxides fromthe Life Sciences plant were in excess of
permtted release levels. One nmonth later, the Virginia Water Control Board
linked the nmalfunctioning of sludge-digester equipment at the Hopewell sewage
treatment plant to excessive levels of Kepone in Life Sciences' water-Dborne
effl uent.? The conpany's discharge permit did not cover industrial
discharges,” inplying a violation of the stipulations of the pernit.
Nevert hel ess, the Board did not revoke that permt. What the Board did do,
with the approval of the Environnental Protection Agency, was to set nore
restrictive pretreatnent standards and limt Kepone concentrations in
ef fluent discharges to the Hopewel|l treatnent plant.

But the acute symptons of Kepone exposures anpng Life Sciences' workers
ultinately focused government attention. On July 23, 1975, Dr. Robert S.
Jackson, Virginia's chief epidenmiologist, heard of a case of diagnosed Kepone
poi soning, and pronptly visited the plant. The conditions he found led him

to order the plant closed imediately. The next day, Life Sciences
management agreed to close the plant and voI untarily comply with conditions
set by the Virginia Health Departnent. In addition, Jackson ordered

physical exanminations of all present and forner Life Sciences enployees.

The exami ners concl uded that at |east seventy to seventy-five workers
and ten spouses and children had been poisoned by the pesticide. Twenty-nine
of the victins were hospitalized for ailnents which included brain and |iver
damage, sterility, trenmors, blurred vision, skin discoloration, joint and
chest pains, stuttering, anxiety, involuntary novenent of the eyeballs | oss
of memory, twitching eyes, and slurred speech (Regenstein, 1982).°

On August 19, 1975, the federal GCccupational Safety and Health
Admi ni stration investigated worker exposure to Kepone at the Life Sciences
pl ant. The conpany was charged with four violations of the Occupati onal
Safety and Health Act of 1970, and a $16,500 fine was inposed.

The Kepone incident subsequently becane the subject of extensive
envi ronment al postnortens and | egal proceedings. The environment al

postnortens determined that Life Sciences, in addition to exposing industrial
workers to dangerously high |levels of the pesticide, had al so rel eased

substantial anounts of the toxin to the environment. Those rel eases
i ncl uded airborne enissions which eventually settled in the soils around
Hopewel I, routine wastewater discharges, releases into the sewage system from

spills, malfunctioning and bad batches, and bulk disposal of liquid and solid
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byproducts in sanitary landfills and sludge |agoons (EPA, 1978).°
Prelinmnary studies of the distribution and concentration of Kepone suggested
ext ensive contani nation of biota of the Janes River and of soils near the
Hopewel I pl ant. Further investigation revealed the presence of Kepone in
sanples of frozen fish taken from the Janes as early as 1967. Thus Allied
Cheni cal had al nost certainly been rel easing Kepone into the environment
before Life Sciences had assumed control of production operations. In the
wake of those findings, Governor MIls Godwin ordered the entire Janmes
estuary closed to commercial and recreational fishing in December 1975.°
Research on the health effects of Kepone led to the setting of "action
level s" for finfish, shellfish, and crabs: the action level is the maxi mum
amount of Kepone in edible portions of fish which the U S. Food and Drug
Administration believes to be safe for human consunption.' Public concern
over Kepone contamination of the James was hei ghtened by the associ at ed
threat of contamination of the Chesapeake Bay |ocated only 120 kil oneters
downstream

As the scale of the problem became clear, state and federal governnents
created extensive nonitoring and assessment operations. Virginia and
Maryl and formed state task forces to nonitor ambi ent Kepone concentrations
and Kepone levels in shellfish and finfish. The Virginia Task Force, for
exanpl e, established a nonitoring and surveillance program (Bellanca and
Glley, 1977). The agenda included inquiries into nmethods and costs of
cl eaning up the Life Sciences production plant and the Hopewel |l prinary
sewage treatment plants, di sposing of wastes from the plants, and
decontami nating the James River. The sane task force also coordinated narine
and epi demi ol ogi cal studies to assess the inpact of Kepone on the river
system As part of the effort, the Virginia State Water Control Board and
the Virginia Institute of Marine Science created a | ong-term conprehensive
sanpling and nonitoring program of the water, sedinment, and biota from the
Janes River. Virginia's Division of Consolidated Laboratory Services and the
Al lied Chem cal Corporation designed and pronul gated test and nonitoring
protocols for determ ning Kepone concentrations in the air, water, soil,
sedi nent, and biota.

The Maryl and Task Force supervised A lied Chem cal in containnent and
storage of Kepone at Allied' s Baltinore, Maryland, facility. That group
tested residents of the nei ghborhood of the Baltinore plant for Kepone and
found no detectable levels of contam nation. \Wen tests of soils near the
pl ant indicated the presence of Kepone in an adjacent park, the park was
subsequently closed, stripped, and resodded with uncontam nated soil (U.S.
EPA,  1978). The Maryland Task Force also sanpled for Kepone in the
Chesapeake Bay. Commercial oyster harvesters seed oysters in the James River
and then transplant them into oyster bars in the Chesapeake Bay. Oyster bars
were therefore carefully nonitored, and those bars in which oysters exceeded
the Food and Drug Adninistration's action levels were closed. The bars were

reopened a year later when the level of Kepone in sanpled oysters had fallen
bel ow the detectable level. Both Virginia and Maryland continue to nonitor

for Kepone.

In August 1976, the Federal/State Kepone Task Force recomended that a
feasibility study be undertaken to evaluate nmitigation proposals for the

42



James River. In response, the governors of Virginia and Maryl and requested
that the U S. Environmental Protection Agency conduct such a study. In March
1977, that federal agency began a $1.4 nmillion effort called the Kepone
Mtigation Feasibility Program That project's primry objectives were
measur enent  of the extent of contamination, calculation of the fate and
transport of Kepone in the Janes River system assessment of current and
| ong-range effects of Kepone contamination on biota, and apprai sal and
exploration of mtigation and renoval alternatives (EPA, 1978). The project
was an interagency effort coordinated by the U S. Environmental Protection
Agency, Criteria and .Standards_ Div_ision, Ofice of Water and Hazar dous
Material s. Participating agencies included the Department of Energy (in a
task agreenent with Battelle Pacific Northwest Laboratories), the United
States Arnmy Corps of Engineers (coordinating with the United States Fish and
Wldlife Service), the Environnental Protection Agency's @l f Breeze
Laboratory, and the Virginia Institute of Marine Sciences. Table 2
summari zes the responsibilities of the various agencies. Data collected by
the state and federal nonitoring prograns constitute a substantial
informati on base for mpdeling the incident.

Concurrent with these activities were investigations to determ ne |egal
responsibility for the incident. The U.S. Environnental Protection Agency
di scovered that Kepone and two other polymers that Allied had been producing
at the time were not included in Allied s 1971 conpliance form filed under
the Refuse Pernmit Act of 1899. Thus Allied had failed to receive a pernit
for these three chenmicals, and had been illegally discharging effluents
containing them Subsequent federal crimnal investigations traced that
omssion to a deliberate attenpt by sonme in nmanagenent to avoid incurring the
purchase cost of expensive water treatnent equipnent, estimated at
$700, 000. ** A nmenorandum witten by Virgil A Hundtofte, later a co-founder
of Life Sciences, to ten other Allied executives at the Hopewell plant was
introduced into evidence in the criminal proceedings. In that nmenmorandum
Hundtofte wote, "It was felt that this effluent might go unnoticed by the
EPA until we tied into the RWT.P. (Regional Water Treatnent Plant) or, at
worst , interimtreatnment would not be required" (Zim 1978). The Justice
Departnent was unable to show, however, that corporate nmanagenent had
endorsed the pernmit evasion.

On May 7, 1976, Allied Chemcal, Life Science Products, the City of
Hopewel |, and a nunber of individuals were indicted by a grand jury in the
federal district court of Richrmond, on 1,097 counts of violation of federal
anti-pollution laws.™ Alied Chenical pleaded nolo contendere (no contest)
to 940 charges of violating water pollution regulation, and was convicted on
all counts. The largest pollution penalty |evied against an American conpany

was then inposed: $13.2 mllion. In a negotiated agreenent, that fine was
reduced by $8 million. The latter anount was set aside by Allied Chenmical to
create the Virginia Environmental Endowrent. Since the $8 million was thus
transferred to a nonprofit entity, Allied was able to take a tax deduction on
the contribution, reducing their net costs by about $4 mllion. Life

Sciences was convicted on 153 counts and fined $3.8 nillion; since the firns
net worth was zero, the fine was a meaningless gesture (CGoldfarb, 1978). A
$10, 000 fine was inposed on the City of Hopewell which pleaded guilty. The
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Table 2. Kepone Mtigation Feasibility Project Responsibilities

DEPARTMENT OF ENERGY/ BATTELLE

Sanpling and analysis of suspected Kepone contamination to conplenment
exi sting data.

Acquisition of water quality, sedinment, hydrologic, and other data in
the James River of coordination with Virginia Institute of Mrine Sciences.

Model ing of transport and fate of Kepone in the Janmes River.
Eval uation of nonconventional mtigation techniques.
Assessment of the overall inpact of current Kepone contanination and

possible nitigation approaches.

U.S. ARMWY CORPS OF ENG NEERS/ U.S. FI SH AND W LDLI FE SERVI CE

Anal ysis of worldwi de sedinment renoval/dredging techniques and
applicability.

Engi neering studies to contain, stabilize, or renmove Kepone-
contaninated sedinents.

Eval uation of environnental inpact of selected engineering
al ternatives.

U. S. ENVI RONMENTAL PROTECTI ON AGENCY GULF BREEZE LABORATORY

Effect of Kepone on estuarine biota, including biological
accumul ation, distribution, and fate.

VIRG NIA | NSTI TUTE OF NMARINE SC ENCE

Field data on biota, sedinents, and hydrology of the James River.

U.S. ENVI RONMENTAL PROTECTI ON AGENCY HEADQUARTERS

Program management and report.

Source: EPA Mtigation Feasibility for the Kepone-Contam nated Hopewel |/
Janes River Areas, 1978, p. |V-3a.
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two owners of the Life Sciences plant, Virgil A Hundtofte and WIliam P.
Moore, each were fined $25,000 for polluting the James River.

Former enployees of the Life Sciences plant decided to sue Allied
Chemi cal for conpensation for their health-rel ated damages, since Life

Sci ences was nearly bankrupt. Those workers sued for a total of $186.3
mllion, but nmost of the cases were settled out of court for approximately $3
mllion. The state of Virginia received $5.25 million as a partial
settlement for violation of its water pollution control |aw Virginia

reserved the right, however, to sue Allied for costs necessary to cleanup the
Janes River and dispose of contam nated residuals. About 400 i ndivi dual s,
whose primary occupation involved the sale of fish and oysters, sued Allied
for $24 nmillion. A class-action suit for $8.5 billion for lost income on
behal f of 10,000 people working in marine-related businesses was also filed
against Allied (Pruitt v. Allied Chenmical Corp.).

The environnmental inpacts of the Kepone release will extend over many
years. Laboratory studies at GQulf Breeze indicate that Kepone neither
biologically nor chemically degrades in sinulated estuarine systens.
Estimates suggest that it may take decades for natural dispersion mechani snms
to reduce concentrations of Kepone in the James River below those required by
Food and Drug Admi nistraton action |evels. Uncertainties regarding the
effect of Kepone on living organisms led to extensive research projects which
have attenpted to deternine maxi mum saf e dosage | evels for exposed biota.
Action levels have been revised in accordance with laboratory findings. In
March 1977, the Food and Drug Administration relaxed action |levels for
finfish from.1 to .3 parts per mllion. Experiments on rats indicate that
Kepone is a cunulative poison, so that toxic levels result when small anounts
are ingested over a long period of tine. St udi es al so showed that since
Kepone is fat soluble (lipophilic), it tends to bioaccunulate in the fatty
tissues of the body. Transport of increased concentrations of Kepone through
both aquatic and terrestrial food chains thus has been an additional source
of concern.

Apprehensi on over the possible transport of large quantities of Kepone
into the Chesapeake Bay has |led to extensive studies and to the construction
of sophisticated nodels of Kepone transport in the James estuary. To trace
the distribution, concentration, and effect of the Kepone rel eases, an
understanding of the interrelationships between the conponent parts of the
estuarine systemis necessary, for the hydrodynam ¢ and geol ogical features
of natural water systems, in conjunction with the physical, biological, and
chemi cal characteristics of both the system and the chemical, determne the
pat hways of substances (O Connor, Farley, and Mieller, 1981). Model s have
been devel oped that include spatial, tenporal, and chemical transformation

and transport processes for chemcals in waterways. Laboratory studies of
partitioning reaction in estuarine systens have found that Kepone tends to
attach itself to particulate matter. As a result of the settling of

particulate matter, elevated concentrations of Kepone are found in bed
sedi nent s.

Remai ni ng questions have centered on the long-term fate of Kepone in the
James estuary and in the Bay. The U.S. Environmental Protection Agency

45



Mtigation Feasibility Project ruled out a full-scale cleanup of the Janes
Ri ver as prohibitively expensive (the |owest cost estimate was over $3
billion). In any event, that cleanup action mght in fact further disperse
the Kepone in bottom sediment. Renedial mtigation efforts, such as dredging
limted to areas of high Kepone concentration, were rejected by t he
Environnental Protection Agency on the grounds that the resultant reduction
of Kepone would not have inmmrediate effects but would be evident only in the
longer run (National WIdlife Federation, 1981). Thus there will be
continuing lowlevel contami nation of the James estuary, for perhaps several
decades, until Kepone is either buried in bottom sedi ment or washed into the
Ray. For sone substantial portion of that period, there will continue to be
a possibility of a high-flow incident in the James transporting substanti al
amounts of Kepone into the Bay. And finally, we take note of another
possibility in Kepone-like incidents: that of human health danages from
drinking water exposures. Because the Janmes is estuarine and brackish
further upstream than Hopewell, there were no such exposures in the actual
Kepone i nci dent. But in a Kepone-like incident in a river which serves as
the source of drinking water, human exposures woul d be possible.

KEPONE MODELING A SEQUENCE OF EXPERI MENTS

Conming face to face with the problens of nodeling an estuarine ecosystem
is a hunbling experience, and one which we wish to share. The James River
and the James estuary are divided by an imaginary fall |ine marking the point
at which the river becones nontidal: that fall line (figure 2) lies above
the Hopewel |, Virginia, location of the Life Science plant from which Kepone
was rel eased into the James. Thus all of the actual "Kepone problent
bel ongs, and nust be treated in, an estuarine setting.

That setting conplicates our task because the tidal variation nmust be
nodeled if we are to obtain an accurate representation of Kepone anbient
concentrations and transport. This issue arose relatively early in the
debat es about estuarine nodeling, and we believe that it has been decisively
settled in favor of those who, like Donald Harleman, argued this position, in
Ward (1971). There is a sinple and conpel ling argument underlying that
position. The equations of hydrodynam cs can be nade tractable only by
approxi mating the naturally-occurring coefficients of diffusion. But
premat ure averagi ng--averaging over the tidal cycle before solving the
equations--in effect leads to the wong set of diffusion coefficients, and
thus ultimately to erroneous predictions. There is nothing wong wth
averaging over the tidal cycle after conputation: tidally-averaged sunmmary
statistics nmay be easier to interpret and understand, and will not be
m sl eadi ng.

The above argument applies to all estuaries, stratified or unstratified.
In the particular case of the Janmes estuary, there is considerable
stratification, wth a saline "wedge" carrying water upstream and a
freshwat er upper |ayer carrying water downstream figure 3). Over the tidal
cycle, the average velocity in the wedge is upstream and the average velocity
in the upper layer is downstream O course, the net flow is downstream and
equal to the freshwater runoff into the Janmes. But what is remarkable is how
large the tidally-averaged |ayer velocities are relative to the net flow
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(table 3). For later reference, examine the first row of table 3, with net
freshwater inflow of 1,000 cfs: the top and bottom | ayers are flowi ng at
rates on the order of 40,000 cfs, a factor of 40 higher. That differential
is particularly inportant because the relevant flow velocity for calculation
of the resuspension of Kepone in bottom sedinent is of course the bottom
|l ayer flow velocity "seen" by the sediment, and not the net, |ayer-averaged
freshwater outfl ow.

That brings us to the role of sediment in Kepone transport in the Janes.
Superi nposed upon the conpl ex hydrodynanics of the stratified estuarine
system we have the coupled sedinment transport system critical because Kepone
is relatively insoluble and is relatively strongly adsorbed onto particul ate
sedinent. By adsorption we refer to the binding, by internolecular forces,
of Kepone nolecules on the surfaces of sedinent particles. Because t hat
binding is, in the case of Kepone, relatively strong, and because Kepone is
relatively insoluble in water, nmpst Kepone is the Janes is presently resident
in James bottom sedi nent.

Taking these elenents together, we can sketch a rough picture of the
maj or features of Kepone transport in the James. Kepone released into the
Janes at around Hopewel|l will either adhere to sedinment in the water colum,
or remain dissolved in James water. Dissolved and adsorped Kepone above the
estuary bottom will come into equilibrium Simlarly, sedinent particules in
the water colum are continually being deposited on that bottom and bottom
sediment is continually being resuspended. Taken together, those processes
gradual |y transport Kepone downstream and toward the mouth of the James on
t he Chesapeake Bay.

A general conceptual framework for estinmating Kepone concentrations and
Kepone transport rates is sketched in figure 4. Though we are critical of
some of the work from which that figure is drawn, the general framework is

unexceptional . At the top level is the hydrodynam c nodel, since
hydrodynam cs drives the entire system At a second level lies a nodel of
the sediment system which is coupled to, and driven by, the hydrodynanic
model . Finally, at a third level, Kepone transport is coupled to the
sedi ment nodel by the processes of adsorption (of Kepone onto sedinment) and
resuspensi on and deposition of sedinent. The latter processes provide the

mechani sm for exchange of Kepone between the water columm and the bottom
sedi nent of the estuary.

Figure 4 is of course a schenm, and far frominplenmentation. For
i npl enentation, a whole series of critical choices nust be nade. To sone
extent, those choices can be loosely sumrarized as: choose appropriate
| evel s of spatial and tenporal disaggregation for each of the nodel |evels of
figure 4. "Appropriate" means with reference to some purpose: we mnust
deci de exactly what we are trying to estimate. In preparation for the

di scussion and those decisions, let us conpare, along a few rel evant
di mensi ons, several well-known nodels of contaminant transport in estuarine
envi ronments.

Tabl e 4 summarizes those conparisons. O the four nodels |isted, only
one, the Harleman, Holley, and Huber (1966) nodel, is an analytical nodel
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Tabl e 3.

Net Flow and Layer

Flows in the James

Fl ow (Cubic Feet

per Second)

Downst ream Net

Ti dal

Circul ation

Fl ow Janes Appomat t ox Chi ckahom ny Top Bott om
Pattern Ri ver Ri ver Ri ver Layer Layer
! 1,000 152 56 41, 600 40, 400
2 3,200 495 182 43, 380 39, 500
3 4,380 657 263 73, 300 68, 000
4 7,044 1,334 407 74,790 66, 000
5 11, 500 1,770 651 89, 920 76, 000
6 18, 500 2,775 1,110 126, 400 104, 000
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Source: Donald O Connor, Kevin J. Farley, and John A Mieller. 1981

"Mat hematical Mdel s of Toxic Substances in Estuaries with
Application to Kepone in the James River," Gant No. R-804563
(Bronx, N.YL, Mnhattan College, Environnmental Engineering
and Science Progran).

Table 4. A Herarchy of Subnodels for Kepone Transport
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Table 4. Conparison of Mdels of Contam nant Transport in Estuaries
Vbdel Anagrtic Time Scal e Spati al Model of Deposition
. Scal e and Resuspensi on
Nureri ca
| Anal ytic I ntratidal Cont i nuous None explicit
(anal ytical nodel)
Har | eman, Holl ey,
and Huber (1966)
I Nuneri cal Intratidal 1 Kkilometer None explicit
hori zontal l'y
Dail ey and
Har | eman (1972)
11 Nuneri cal Tidal ly- 1 kiloneter Deposition at constant
averaged horizontally, 1 settling rate; resuspension
O Connor, Farl ey, foot vertically; at a rate related to |ower-
and Mieller (1981) stratified level flow velocity
Y Nuneri cal St eady- 1 kilometer Deposition and resuspen-
state hori zontal |y, sion tied to net flow
Oni shi (1977) vertically- velocity (or equivalently,

averaged (not
stratified)

to net freshwater dis-
char ge)




mre precisely, it reduces the problem of conputing contaninant
concentrations to the problem of perforning one nunerical integral. The
remaining three nodels are nunerical, requiring varying degrees of numerica
conput ati on. They vary widely in their conputational cost: very roughly,
model s Il and Il cost about $20 per run, while nodel 1V costs about $500 per
run.

How does one decide upon the best nodel, or nore appropriately, upon a
plan for using the existing nodels? As we have remarked above, it depends

upon the purpose of the exercise. Qur own purposes have dictated the
di mensi ons of conparision listed in table 4. O the four nodels, only | and
Il are intratidal, an advantage we have argued is crucial. Mdels IIl and IV

have what we consider other troublesome features: of these the nost critica
is the representation of the sedinment deposition and resuspension processes
in those nodels.

Recal | that nuch Kepone in the Janes is adsorped onto sedi nent
particules, either suspended in the water colum or resident in the estuary
bott om and that one of the serious potential problenms posed by Kepone in
the James sedinent is contamination of the Bay. For now, sinply refer back
to figure 2. dearly, the rate of Kepone transport into the Bay nust depend
upon the flow pattern in the James, and clearly that flow pattern nust be
faithfully represented in a conputation of Kepone transport into the Bay.

But now refer back to table 4. In model 111, deposition at a constant
rate is assumed (the rate actually used in the nodel is four feet per day).
If one thinks back to the underlying physics, here is what is happening.
Sedi nent, and Kepone adsorbed on that sedinent, is being resuspended and, on

bal ance, carried downestuary. That is true even though, on balance, the
(tidally-averaged) flow in the bottom or saline-intrusion, layer, is
| andwar d. The seemnming paradox is no paradox at all because there is sone

i nterchange of water, and hence of Kepone, between the two |ayers, and
because on bal ance, the flow in the top layer is downestuary, or seaward.

As sediment is advected downestuary, it is subjected to three kinds of
forces: gravitation, inpulsive forces associated with turbul ence, and
internolecular forces. The latter need not concern us here: the forner act
in opposite directions, with gravitation inducing a net downward drift, and
turbul ence contributing to continued suspension of sedinment in the water
col um. If the balance between these two countervalling forces is
vel oci ty-dependent, then the overall transport rate of Kepone into the Bay
may be sensitive to the flow pattern in the estuary.

W have simlar concerns about nodel 1V, which builds on one of the nost
det ai | ed hydrodynam ¢ nodel of the Janes estuary. In that nodel, the
stratification of the estuary is neglected, and the Kepone transport nodel is

calibrated to net flows. But since flow velocities in the bottom |ayer can
be as nmuch as a factor of forty greater than net flow velocities, and since

resuspensi on phenonena really depend upon the flow velocities "seen" by

bott om sedi nent, Kepone transport predicted by the nodels may be artifically
vel ocity-insensitive.
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W shall shortly see that the velocity dependence of Kepone transport
is, for our purposes of benefit estimation, a key issue. W sunmarize this
section with a strategy for bending nodels | through IV to our particular
pur poses of risk assessnent. W will begin with nodel |, because it is
easily manipuable, conputationally inexpensive, and intratidal in time scale
But it has no sedinent transport "subnodel," and so we will have to invent
one. The same will be true of nodel I1. The "invented" submodels will be
useful for placing upper bounds on benefits; we will argue that those bound
are better as the distribution of flow velocities shifts upwards. To go
further, we nust identify the danage or benefit categories that we think my
be significant, and choose a Kepone nodeling strategy for each

AN OVERVI EW OF THE ANALYSI S

Qur goal is to derive damage estimates corresponding to these three very
di fferent kinds of Kepone-related problemns. Each of those damage estimates

will require a distinctive approach to nodeling the Kepone-contam nat ed
estuary-Bay system and it is to that task of nmodeling that we turn in the
next chapter. But before we do, it may be helpful to take an overview of
what |Is to cone. Qur assunptions about the source term associated with

Kepone in Janes bottom sedi nents are discussed in chapter 5 in the section on
Evi dence of Contamination in Drinking Water and in the appendix; for the npst
part we have inmputed the source term from neasurenments of anbient Kepone
concentrations and from previous calculations of Kepone transport into
Chesapeake Bay under various hydrol ogical conditions. W have also placed a
detail ed description of the hydrol ogical data we have used in the appendi x;
for the nobst part this is United States GCeological Survey data

In chapter 5, the section on Toxicological Significance of the
Contam nants describes our construction, from that data, of synthetic James
flows: that construction is necessary because hydrol ogical data is sparse,
and synthesis of the full distribution nmay be necessary to capture tai
events with large associated damages. From that basic synthetic distribution
of Janes flows we can derive two related distributions we will need: a
probability distribution for anbient Kepone concentrations in the James and a
probability distribution for Kepone transport into the Chesapeake Bay,
(constructed in this section and described in tables 14 through 16).

From those two basic derived probability distributions, and from two
ki nds of additional assunptions, the cost of risk bearing estimates that we
are after follow easily. The additional required assunptions cover
dose-response and value of health risk paraneters (in chapter 5's section on
The Likely Effect of the Contanmination on Water Supplies) and values for
James and Bay service flows (in chapter 5's postscript).
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NOTES

"An estimated 90% (Sterrett and Boss, 1977) to 99.2% (U.S. Environmental
Protection Agency, 1976) of the Kepone that was produced in the United States
was exported to the Caribbean, Central and South America, Africa, and Europe.
Domestic uses of Kepone were for ant and roach control only.

’Production standards requiring workers to use respirators and gloves as
wel | as shower and change clothes before leaving the plant were ignored by
Li fe Sciences managenent. Wirkers frequently ate their lunches at the
wor kpl ace where Kepone dust was found to |ay sonetinmes as much as several
inches deep on the floors.

®Nor mal bacterial action required for sewage treatnent was inhibited by
the Kepone in the effluent. As a result untreated sewage discharges polluted
a large part of the James River (Sterrett and Boss, 1977).

“Al'lied discharged untreated toxic effluent directly fromits Seni-Wrks
Kepone production plant into a tributary of the Janes River called Gavelly
Run. In 1970, restored provisions of the Refuse Permt Act of 1899 required
that all industries which discharges wastes into navigable waterways obtain a
permit fromthe US. Arny Corps of Engineers. Since toxic discharges were
unlikely to be approved, Alied filed a short-form permt application that
all oned unmetered and unsanpled "tenporary discharges." The tenporary permt
enabled Allied to avoid the purchase of costly pollution control equipment.
Wien Allied s permt expired in 1972, the Environnental Protection Agency was
given discharge permit authority under the Federal Water Pollution Control
Act Amendment of 1972. Allied filed to renew their permt again under
tenmporary status to buy time until the conpletion of a mnunicipal Regional
Water Treatment Plant. \Wen Life Sciences assunmed production in 1973, they
neglected to file with the Environmental Protection Agency. Instead, Life
Sciences applied to the Virginia State Water Control Board for a permt to
di scharge sanitary wastes. Although the treatnment plant was not capable of
degradi ng Kepone, they were granted a permit through an arrangenment with C
Jones, the Director of Hopewell's Departnent of Public Works and former plant
manager of Allied s Sem -Wrks Plant. Permission was granted provided Life
Sci ences woul d neet a pretreatnent standard of three parts per nmillion of
Kepone. The pernit, however, made no explicit nention of industrial wastes.

*Although the Virginia State Health Departnent ordered production to
cease at the Life Sciences Products plant on July 25, 1975, production
continued into Septenber.
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oLf | onger-term ail nents, such as cancer, reproductive inpairnment, or
| at ent neurol ogical or psychol ogical effects of the exposure develop in |later
years, it will be nmore difficult to link those effects with exposures from
ingestion of contam nated seafood.

‘Limted information has inpeded a determnation of the anpunt and
timng of Kepone releases into the environnent. Estinates of rel eases have
been based on assunptions of correlations between rel eases and production
| evel s (O Connor, et al., 1981).

8An additional source of residue resulted fromthe dismantling of the
Life Sciences plant. The plant's machinery was taken apart and placed in a
sealed pit at the Hopewell city dunp. Water fromthe site was collected in
thirty-three tank cans to be filtered and sprayed on sonme of Allied's
property in Hopewell. Since Life Sciences was nearly bankrupt, Allied agreed
to dismantle the plant, which cost them approximtely $394, 000. Allied
believed it would be futile to attenpt to detoxify the plant (Fortune, 1978).

°To date, the Janes River remains closed to fishing. During the past
seven years, Virginia's governors have lifted, and then reinposed, parts of
the ban, but federally-nmandated |evels of Kepone allowed in catches have
restricted commercial fishing in the Janes River. The conmercial seafood
i ndustry has urged Virginia state agencies to relax government safety
standards for Kepone substantially. A group of Virginia state agencies have
proposed a three-fold increase in the action levels, from.3 to .9 parts per
mllion for all finfish. VMirginia Secretary of Conmerce and Resources Betty
Diener clained that the level of the increase was calculated to pernit
Virginia to lift the fishing ban, since no fish caught in the last five years
has ever exceeded that l|evel (lsihoff, 1982).

®Federal action levels are based on |aboratory experinents which
determ ne exposure |levels of intake necessary to produce nalignant tunors in
ani mal s. To establish the federal "action level," the intake that produced
the tunors is multiplied by a traditional safety factor of 107°. Action
levels are usually measured in parts per mllion (ppm. In March 1976, the
Food and Drug Administration adopted action |levels for Kepone-contani nated
shellfish (.3 ppm, finfish (.1 ppm, and crabs (.4 ppm.

Y'n conparison to the projected costs of billions of dollars to
decontam nate the James River, the expense to purchase necessary equi pnent
woul d have been insignificant.

“For  dischargi ng Kepone without a pernmit fromits Sem -Wrks plant,
Allied was charged with 940 viol ations of the Refuse Act (R vers and Harbors
Act of 1899) and of the Federal Water Pollution and Control Act of 1972. At
the tine, there were allegations that Allied was conspiring to provide fal se
information to the United States. Allied, Life Sciences, Hundtofte and Mbore
(the co-owners of Life Sciences), and the Gty of Hopewell were charged with
unl awf ul di scharges of Kepone into the sewer system No criminal charges
were made regarding the conditions at the Life Sciences plant because the
Federal Cccupational Safety and Health Act did not provide for themin this
ci rcunst ance.
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CHAPTER 4

THE BENEFITS OF AVO DING A KEPONE- TYPE | NCI DENT

A LOTTERY REPRESENTATION OF A KEPONE- TYPE | NCI DENT

To begin, it may be helpful to forma picture of a sinplified topography
capturing the essential features of the real-world Janes estuary and
Chesapeake Bay. Figure 5 presents what we will refer to as the topography of
the "didactic" Kepone incident.

DAMAGE ESTI MATION: A FRAMEWORK

Figure 6 then sets out a conpatible danmage-estination framework. The
di dactic Kepone incident is viewed as a conpound lottery. If that lottery is
accepted, then the first branching point corresponds to the release
subl ottery: either there is, or there is not, a substantial release of
Kepone into the James River. |If a release does occur, a second sublottery is
i mposed: there may, or there may not, be both contam nation of drinking
wat er and closure of the James to recreational and commercial fishing,
dependi ng upon flow conditions. A third (and final) inposed sublottery
indicates the possibility of substantial transport of Kepone into the Bay,
and thus of substantial contamnation of the Bay.

This lottery representation is a convenient way of identifying the najor
damage conponents, and a prescription for conbining those conponents into an
estimate of the benefits of actions or policies ainmed at preventing a
Kepone-1ike incident. The mmjor damage conponents identified are
heal t h-rel ated damages from drinking water contamination, the |oss of the
services of the Janes fisheries to recreational and commercial users, and the
loss of the fishery services of the Bay. The prescription for damage
estimation is then sinple: compute willingness to pay to avoid bearing the
risk associated with the lottery.

W would argue that this lottery representation is a natural one, in the
sense that it captures the significant characteristics of the Kepone problem
in the Janes. As stated, the Kepone suspended in Janes River water is in
equilibrium with a much larger amunt of Kepone in Janmes sedinent.
Therefore, at current rates of transport out of the river and estuary, and
into the Bay, it will take about 200 years before the Janmes is cleansed of
Kepone by natural processes. This fact is necessary background for
estimation of two damage categories: recreational use of the James (in which
fish are taken to be eaten) and human health effects from contamnination of
drinking water. It can be reasonably assunmed that once contam nated, the
James will be closed to conmercial and recreational fishing (in which the
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Figure 6. The Kepone Incident Lottery
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fish and shellfish taken are consuned) for the indefinite future. One ex
post damage conponent is therefore the discounted present value of those
particular service flows of the Janes River and estuary.

As indicated in figure 5, drinking water intakes may be located along a
river subject to Kepone-like incidents. In the case of the real-world Kepone
incident, the counties adjacent to the Janes are sparsely popul ated, and
bracki sh estuarine water is in any event not suitable for human consunption.
For that reason, human health damages associated w th general -popul ation
exposures to contaminated drinking water fromthe Kepone incident are al npst
certainly negligible. Nevertheless, in keeping with the didactic use of the
case study incidents we examine here, with research primarily directed toward
met hodol ogi cal inprovenent, estimates are nade of how |arge those exposures
m ght have been in an incident in which the riparian counties were popul ous
and the water affected otherw se potable.

Finally, consider the possibility of significant Kepone contam nation of
the Chesapeake Bay. W have noted that neasurements of Kepone contanination
of the Bay taken after the original incident inmply low transport rates. The
associ ated damages to the recreational and conmercial fishery services of the
Chesapeake Ray are alnost certainly npdest, since the Bay dilutes, well below
Food and Drug Administration action levels, routine current Kepone inflows.

But it would not be correct to estinmate the Bay-rel ated conmponent of
Kepone-inci dent danmages only from our ex post observation of current Kepone
contam nation levels. W have argued for an ex ante perspective and for the
representation of our didactic Kepone episode as the lottery of figure 6.
The conceptually correct neasure of the cost of accepting that lottery is
willingness to pay rather than accept the lottery. The relevant wllingness
to pay neasure extends over all ex ante possible outcomes of the lottery, and
not only over the particular outcone that has been observed ex post.

Certainly there is a real possibility of much worse ex ante outcones,
arising from nmuch higher rates of Kepone transport into the Bay. Kepone
transport rates mght be substantially increased in at |east two ways.
Rel eases from the Life Sciences plant at Hopewell night have been very high
during sonme period coinciding with a high-flow period for the Janes River.
And very high flows in the Janes and Janmes estuary might transport Kepone
already resident in bottom sedinent into the Bay.

In either of those two cases, the substantial fishery services of the
Bay might be in jeopardy. For the actual Chesapeake Bay (figure 2), only the
| ower portion of the Bay is at risk; there is relatively little mxing
upwards toward Baltinore. But remenber our distinction between the real and
di dacti c Kepone incidents: had the incident occurred in a river enptying
into the upper Bay, the whole of the Bay night have been at risk. I'n what
follows, when we say Bay, we mean "that portion of the Bay nmixing with flows
from the relevant tributary."

The Bay is a unique natural asset providing a long |list of service

flows. Some, in principle, are excludable: anong those are recreational and
comercial fishery services. Qthers are nore intricate: for exanple, the
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Bay may serve as a hatchery for many of the species taken further north,
perhaps as far north as the New Engl and coast.

This service flow mx presents a challenge to applied cost-benefit

anal ysi s. In principle, the excludable service flows should be managed to
maximze rents: were they so managed, we would have a neasure of the |oss
suffered in an epi sode which destroys the Bay fisheries. Because the Bay

fisheries are not so managed, such rents are (in principle) dissipated. Were
catches from the Bay a negligible portion of the catch on the Eastern
seaboard, and were capital in the Bay fisheries industries perfectly nobile,
there would be no economc |osses.

The issues are subtle: rather than face them here, we have, for our
didactic purposes, chosen to summarize the situation with the assunption that
the Bay is a unique natural asset to which a definite rental accrues.
Destruction of the Bay fisheries in a didactic Kepone episode then inplies a
| oss equal to the discounted present value of those rents. Such a loss is of
course noni nsurabl e.

ESTI MATING THE PROBABILITY OF H G+ FLOW EVENTS

H gh-flow regimes may arise in two ways: fromthe high-flow tail of the
usual distribution of flows generated by runoff from the watershed draining
into the James River and estuary, or fromextraordinary events exogenous to,
and statistically independent of, that watershed runoff distribution.

First consider the ordinary events, the high-flow events associated with
normal runoff from the James watershed. There is abundant data on flow in
the Janes River and Janes River estuary tributaries: hydrologists call that
time series the "historical trace.” Anong the central problens of the
subdi scipline of theoretical hydrology is reconstructing, from the historical
trace, the stochastic process of which that trace is one realization. To
answer questions like "What is the probability of seven successive days of
net freshwater inflow greater than 1,000 m3/sec at Richmond?", we need the
paraneters of the stochastic process describing net inflow

We have found that the follow ng conclusion is insensitive to the method
of reconstructing the James River flow distribution: t he dom nant
contribution to the high-flow event "tail" of the flow distribution cones
from the normal James flow distribution, and not from extraordinary events
exogenous to that distribution, such as hurricanes. To see why, neke the
heroi c assunption that extraordinary events like hurricanes are not reflected

in the nmonthly-averaged flow data for the Janes. Then treat those
nmont hl y-averaged flows as observati ons drawmn  on i ndependent ,
i dentically-distributed | ognor mal vari abl es. Finally, estimte the

paranmeters of those distributions. The solid-line cunulative distribution of
figure 7 sunmarizes the results.

A similar distribution for hurricanes can be reconstructed from Nati onal
Cceanogr aphic and Atnospheric Administration estimates of a probability
distribution for hurricane-related floods of various sizes along the Eastern
seaboard. That flooding distribution can in turn be translated into a
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Figure 7. Cunulative Probability Distributions for Odinary and
Extraordi nary Hi gh-Flow Events
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distribution of "transient" high-flow events on the Janes. To do this well,
so-cal l ed flood nodels are necessary. For present purposes, sinply assume
that the level of the James is raised by the full level of the flood height,
and that subsequent runoff occurs "normally" in a flow regi ne undisturbed by
the storm The broken-line cunulative distribution of figure 7 presents the
resulting probability distribution for hurricane-related high-flow events.
That figure indicates the dom nance of the ordinary high-flow distribution:
the five-hundred-year hurricane, for exanple, contributes an effective
incremental four-day flow of |less than one cubic foot per second.

W therefore proceed to a framework for conputing the normal
flowdistribution related contribution to Kepone transport into the Bay. For

that purpose, we choose to work with nodel | of table 4 and with a "didactic"
and sinplified version of the actual Kepone case that is anenable to
treatment by nodel |I. Return to the schematic of figure 5: | et us choose

the following specific representation of that hydrogeography. W take the
James estuary to be a constant width rectangular channel, and we place the
possi bl e source of secondary contam nation--the |ocation of Kepone in the
bottom sediment--at thirty kilometers upestuary fromthe nouth of the Janes,
the place at which the Janes enpties into the Bay.

That geonetry allows use of the Harl eman, Holl ey, and Huber (1966)
anal ytical solution for concentration ratios: we have

t Up

- 2
U =[x - Up(t - ) 0 (cos t - cos 0)]
c(x,t) =f £ exp X £ + cos dr (4.1)

e, VATEGt -D YE(E - T)

In that equation the variables and notations are as follows:

X Di stance from contanmi nant source (neasured downestuary
from the source)

t Ti me

c(x, t) Contam nant concentration at (x, t)

Uf Advective channel flow velocity

UT Amplitude of tidal velocity oscillation

Tidal frequency
E Di spersivity
o M xed contami nant concentration at source point
I Mass injection rate of contaninant

The last two of these variables are related by the identity:
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where p is the density of water.

These parameters and variables, and their units, are listed in tables 6a and
6b below. Table 6a has an additional colum for the paranmeter values used in
our initial runs.

Specification of the initial experinents can be conpleted with two
further sets of assunptions. W need an enpirical relationship between
advective velocity and the nass injection rate of the Harlenan nodel. That
rel ationship nust capture the physical relationship between flow velocity and
resuspension rates, perhaps the critical relationship for our purposes. And
we need a probability distribution for advective velocities

For the enpirical relationship, we have taken
I = IO + I1%UF 4+ I2%UF*%2 (4.3)

a sinmple quadratic in advective velocity. In our initial runs we will take
values of the coefficients 10, 11, 12 estimated from current best-practice
estimtes of Kepone transport into the Bay. This choice is central to the
transport conputation. The nost obvious benefit of this exercise with a
simple, "relatively analytical" transport nmodel is that that sensitivity is
hi ghli ght ed and not di sgui sed. In principle, a planner can run this node
(very inexpensively) to see how bad things may be if his subjective estimates
of the coefficients are bad. The coefficients thenselves are "summary
statistics" of the net effect of suspension and deposition.

For the probability distribution of Janmes net freshwater flows, we begin
with the available data, which gives twenty-two years of daily flows. W
start by treating individual nonthly flows as draw ngs on independent
| ognormal variables, using the twenty-two years of data to construct, for
each nonth, the paraneters of the corresponding |ognormal distribution.

PRELI M NARY EXPERI MENTS IN THE SPIRIT OF THE HARLEMAN, HOLLEY AND HUBER
ANALYTI CAL  MODEL

Because of the difficulties inherent in the numerical conputation of the
integral (4.1), we begin by using the injection-site concentration (4.2) to
conpute upper bounds on concentrations and transport. Note that the
source-point mxed concentration depends on |, the mass injection rate, A
the estuary cross-sectional area, Uf the estuary advective-flow velocity,
and p, the density of water. The last factor is a constant and of no further
interest here. What we need is a way of constructing the probability
distribution of the ratio on the right-hand side of equation (4.2). For
Kepone mass transport is sinply Kepone concentration times flow velocity, so
that the probability distribution for mass transport can easily be
construct ed.
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Table 6a. Parameters and Units, Initial Kepone Experinent Runs

Par anet er Units Meani ng Assi gned
Val ues(s)
E Square feet Longi t udi nal di spersion 1.3 x 10u
per second
Cycl es per Ti dal frequency 7.272 x 107°
second
UF Feet per Advective velocity 0.1 to 10.0
second
U Feet per Tidal velocity 2.0
second
A Square feet Estuary cross-section area 1.0 x 10t
Ki | ograns Density of water 28.3
per cubic foot
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Tabl e 6b.

Vari ables and Units, Initial

Kepone Experinment Runs

Vari abl e Units Meani ng
I Ki | ograns per second Effective mass injection rate of
cont anmi nant
| O Ki |l ograns per second
Coefficients in equation
1 Ki | ograns per foot describing the velocity-dependence
of the mass injection rate
|2 Ki | ogram second per
square foot
CRATI O Pure nunber Rati o of contanminant concentra-
tions at source observation points
KTRAN Ki | ograns per hour Intra-(tidal)cycle rate of Kepone
transport into Bay
DKTRAN Ki | ograns per year Dai ly transport of Kepone into
Bay
EKTRAN Ki | ograns per year Annual transport of Kepone into
Bay
PROBUF Pure nunber Fl ow velocity probability

di stribution
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Consider first the numerator of that ratio, the mass injection rate I.
That paraneter summarizes a critical relationship for estimtes of Kepone
transport into the Bay: t he advective-velocity dependence of the Kepone
resuspension rate. Because that relationship is both central to our
transport calculation and uncertain, we want to explore the sensitivity of
the transport estimate to our ignorance of advective velocity dependence. To
do so, we will work with a fam.ly of distributions for I, with each menber of

that famly dependi ng upon Up, and therefore having a frequency distribution
generated by the frequency distribution of Uf.

The particular famly we choose is constrained by two requirenents. The
first is that Kepone transport into the Bay under steady-state advective flow
vel ocities typical of those observed in annual averages be of the sane
magni t ude as observed Kepone transport rates into the Bay: between 10 and 100
kil ogranms per year. The second is that a range of "allocations" between the
linear and quadratic terns in advective flow velocity Uf be explored. In
particul ar, we choose a paraneterized formof the equation (4.3). Wth IO

taken equal to zero, define
I(L, UF) = I1(L)®UF + I2(L)®UF##*2 (4. 4)
L=1, «c.y 10
wher e

I1(L)

1)

1 -1L

T2(L)

10%%(=1)%L
L= 1, seey 10

Now return to the remai ning nonconstant factors, A and Ui, in equation (4.2).
A, the cross-sectional area of the estuary, wll of course depend upon flow
vel ocity, since at higher flows the estuary |evel and cross-section area are
higher. Thus, for a given value of U, and a particular nmenber of the famly
of distributions I(L), the m xed conhcentration at the source point, Coy
defined by equation (4.2) is conpletely deternmined if the U.-dependence of A
is known. Further, fromthe probability distribution of Upy the probability
di stribution of e, can be derived.

As explained in the data appendix, available data on James flows gives
dai ly discharge data over a twenty-year period, and data on cross-sectiona
area for about thirty of those days. Fromthat |atter date, the dependence
A(Uf) of cross-sectional area on advective flow velocity can be

reconstruct ed: a regression of A on Uf and U2 (without intercept) gives
an enbarassingly high R“ value

After converting nonthly discharge data to nmonthly flow data we can
begin our construction of a probability distribution for Janes River flows.
Recal | how that construction works. Assume that each observed nonthly flow
represents a drawing on an underlying |ognormal distribution, and that the
monthly flows are independent |ognormal variables. Then the twenty recorded
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observations for each nonth give us an estimate of the nean and variance of
the underlying lognornmal distribution.

Havi ng constructed those distributions, we are prepared to construct a
distribution of annual transport of Kepone into the Bay. That construction
proceeds as follows. First, we draw sone |arge nunmber of sequences of flows
from those distributions: each of those sequences consists of twelve flow
val ues, each one drawn on one of the nmonthly distributions. Then for each
such sequence, begin by conputing Kepone transport into the Bay, based on the
assunmption that transport proceeds at the rate of initial concentration c,
given in (4.2). Finally, we use the set of all such sequences to inpute (or
estimate) the parameters of an effective lognormal distribution for annua
Kepone transport into the Bay. Al we are doing is nmoving the source point
m xi ng concentration down the estuary and into the Bay. The justification
for this procedure, which nust substantially overestimate transport into the
Bay and which violates our own judgment in favor of intratidal nobdels, wll
be evident once we have the nunerical results in hand. But in anticipation,
we will see that the transport risk results are small enough, even when thus
overestinmated, to nmke any much nore detailed computation pointless. Qur
strictures in favor intratidal nodels apply to the conputation of anbient
concentrations in the estuary, but not to transport into the Bay.

The results of those calculations are recorded in tables 7 and 8. In
table 7, we present the effective lognormal distribution paranmeters for
annual Kepone transport into the Bay: note that there are ten such sets of
paraneters, one for each value of L, the integer-valued index of the famly
of distributions corresponding to the function I(U.(L)). W list the
resulting nonthly transports, given in ternms of equivalent annual transport
rates, in table 8. To convert the nunbers of table 8 to actual nonthly
rates, sinply divide by 12.

Finally, fromthe constructed annual Kepone transport distributions, we
can get at the nunbers we want: the probabilities that transport wll exceed

sone critical value. The conputation is a sinple matter of conputing the
area in the tail of the corresponding |ognormal distribution of annual
transport. For the fanmily of distributions indexed by L, and for four

arbitrarily chosen critical values--50, 60, 70, and 80 kil ograms annua
transport--we obtain the results of table 9.

We can now nove to actual "unwei ghted" danmge estimates, since the
probabilities of table 9 are the essential ingredient in those estimates.
Renenber, in what follows, that "unweighted" means unwei ghted by the
initial release probabilities; that weighting is taken up in the follow ng
section

Recal | fromthe discussion of chapter 2 that the risk to the Bay is a

risk to an asset which provides an essentially unique set of service flows.
Put another way, infranmarginal returns accrue to that natural asset, if

properly managed, in the form of rentals; those rentals reflect the
uni queness of the service flows from the Bay.
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Table 7. Lognornmal Distribution Paraneters, Annual Transport of Kepone

into the Bay

L Mean Vari ance

1 0.298E 02 0. 714E 00
2 0. 338E 02 0.119E 01
3 0.379E 02 0.179E 01
4 0.420E 02 0.251E 01
5 0.460E 02 0.337E 01
6 0.501E 02 0. 430E 01
7 0.541E 02 0.537E 01
8 0.582E 02 0. 664E 01
9 0.623E 02 0.794E 01
10 0.663E 02 0.948E 01
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Table 8. Equivalent Annual Kepone Transport Rates by Month, in Kilograms

Month L =1 L=2 L=3 L =1 L =5

1 0.304E 02,.. 0.3U6E 02 0.389E 02 0.431E 02 0.UTUE 02
2 0.306E 02 0.349E 02 0.392E 02 0.435E 02 0.478E 02
3 0.315E 02 0.361E 02 0.407E 02 0.453E 02 0.499E 02
4 0.304E 02 0.346E 02 0.389E 02 0.431E 02 0.4TUE 02
5 0.299E 02 0.340E 02 0.381E 02 0.422E 02 0.463E 02
6 0.297E 02 0.337E 02 0.378E 02 0.418E 02 0.U458E 02
7 0.288E 02 0.326E 02 0.363E 02 0.401E 02 0.439E 02
8 0.289E 02 0.327E 02 0.365E 02 0.403E 02 0.4ME 02
9 0.288E 02 0.326E 02 0.36LE 02 0.401E 02 0.U439E 02
10 0.293E 02 0.332E 02 0.372E 02 0.411E 02 0.U450E 02
11 0.293E 02 0.332E 02 0.371E 02 0.410E 02 0.449E 02
12 0.298E 02 0.338E 02 0.379E 02 0.419E 02 0.460E 02
Month L =6 L=1 L=28 L=29 L =10
1 0.516E 02 0.558E 02 0.601E 02 0.6U43E 02 0.685E 02
2 0.521E 02 0.564E 02 0.607E 02 0.650E 02 0.693E 02
3 0.545E 02 0.590E 02 0.636E 02 0.682E 02 0.728E 02
4 0.516E 02 0.558E 02 0.601E 02 0.643E 02 0.685E 02
5 0.504E 02 0.545E 02 0.586E 02 0.627E 02 0.668E 02
6 0.499E 02 0.539E 02 0.579E 02 0.619E 02 0.660E 02
7 0.476E 02 0.514E 02 0.552E 02 0.589E 02 0.627E 02
8 0.U79E 02 0.517E 02 0.555E 02 0.593E 02 0.631E 02
9 0.U77E 02 0.515E 02 0.552E 02 0.590E 02 0.628E 02
10 0.U489E 02 0.528E 02 0.568E 02 0.607E 02 0.646E 02
11 0.488E 02 0.527E 02 0.566E 02 0.605E 02 0.6LUE 02
12 0.500E 02 0.541E 02 0.581E 02 0.622E 02 0.662E 02

70



Table 9,

Probabilities of Annual Kepone Transport Greater Than Specified
Critical Values, for the Indexed Family of Distributions;
Annual Kepone Transport in Kilograms

Critical Level L=1 L=2 L=3 L=V L=5
P > 50 0.0 0.0 0.596E-07 0.161E-05 0.180E-01
P > 60 0.0 0.0 0.0 0.0 0.596E-07
P> 70 0.0 0.0 0.0 0.0 0.0
P> 80 0.0 0.0 0.0 0.0 0.0
Critical Level L=656 L=71 L =8 L=29 L =10
P > 50 0.508E 00 0.967E 00 0.100E 01 0.100E 01 0.100E 01
P> 60 0.578E-05 0.769E-02 0.239E 00 0.786E 00 0.984E 00
P>T70 0.596E-07 0.596E-07 0.138E-04 0.4U48E-02 0.118E 00
P> 80 0.0 0.0 0.596E-07 0.596E-07 0.241E-04
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For that reason, the proper nethod of valuing risks to that asset nust
be based upon an analogy with a risk-averse individual: society nust decide
how cautious it wants to be in placing that asset at risk by permtting the
operation of facilities which may damage that asset beyond repair, for |ong
periods or in perpetuity. Because the asset is unique, the loss is
essentially noninsurable (meaningful contracts for conpensation could not be
made), and society can only choose (ex ante) how nuch prevention it wants, to
buy. The maxi mum amount society is willing to pay for prevention is
essentially the benefit associated with avoiding the risk

Thus the value of the risk in question depends upon how risk averse
soci ety chooses to be. But that does not mean that "nothing can be said":
it is helpful to exhibit the values inplied by specific degrees of risk
aversion, and thereby to inform judgnent. Thus if society effectively values
risks to the present value R of Bay-derived rentals by using a logarithnic
utility function In(W_ 4+ R) with initial wealth parameter W,, then
willingness to pay V to avoid a risk threatening destruction of the fishery
service flows of the Bay will be defined inplicitly by the equation

ln(Wo -V = (1 - p)ln(Wo + R) + pln(Wo) (4.6)

The V so defined will of course be a function V(Wo, R p) of w ,R and p.
The interpretation of W_is initial wealth; heuristically, it plays the role
of a risk-aversion paraneter, translating social aversion to the particular
risk involved into an equivalent initial wealth. The logarithmc utility of
wealth function is particularly convenient because it admts easy solution

for V as
p
V(woy R, p) = (Wo)(1 - (1 - 3‘1—') )

o] (4.7)

Sonme numbers may hel p here: table 10 bel ow presents values of the
"risk-aversion correction factor”™ multiplying W . For |ow values of p (|ow
probabilities), and for values of R/W _small compared to 1 (losses snal
conpared to total wealth), V differs ®ittle from expected loss pR For
| arger values of p (high probabilities) and hi gher val ues of R/WO(Iosses
which are a significant fraction of total wealth), V can be substantially
greater than expected |oss pR

Now return to our derived distribution for annual transport into the
Bay. Introduce two additional assunptions: that the relevant total wealth
(risk-aversion) parameter is $10 billion, and that the extreme high-flow
sensitivity distribution (L = 10) is the rel evant one. Then, letting the
annual rental R derived fromthe Bay range from $1.0 billion to $10.0
billion, we obtain the results of table 11. Suppose, for exanple, that we
have determned that the annual rentals accruing to the service flows
provided by the Bay amount to $8 billion, and that Kepone transport into the
Bay of 80 kilograms or nobre in any one year will effectively destroy those
service flows in perpetuity. Then the cost of risk as a fraction of initia
wealth is 0.119E-06. When nultiplied by initial wealth W, equal to $10
billion, the cost of risk is found to be $119, an insigni?lcantly smal
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Tabl e 10. Sone Representative Values of the Collective R sk Adjustnent
Fact or

Loss as Frac-

Probability of Loss (p)

tion of
Initial Walth 10-3 10-4 10-5 10-6
(R/Wo)
1 1.053 x 10°%| 1.055 x 105 | 1.072 x 106 | 1.192 x 10=7
2 2.231 x 10°% | 2.220 x 1075 | 2.205 x 10=6 | 2.384 x 10°7
5 6.9290 x 10~ | 6.932 x 105 | 6.914 x 10°® | 7.153 x 10”7
9 2.300 x 10~* | 2.302 x 10°5 | 2.301 x 1076 | 2.324 x 1077
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Table 11. Fractional Cost of Risk, for Several Critical Values and Annual

Rental Values

Critical Level R =1 R=2 R=3 R=14 R=25
P> 50 0.0 0.0 0.0 0.834E-06 0.124E-01
P> 60 0.0 0.0 0.0 0.0 0.596E-07
P> T0 0.0 0.0 0.0 0.0 0.0
P > 80 0.0 0.0 0.0 0.0 0.0

Critical Level R=6 R=1717 R=8 R=9 R =10
P > 50 0.372E 00 0.688E 00 0.800E 00 0.900E 00 0.100E 01
P > 60 0.530E-05 0.921E-02 0.319E 00 0.837E 00 0.100E 01
P> 70 0.596E-07 0.596E-07 0.222E-04 0.103E-01 0.100E 01
P > 80 0.0 0.0 0.119E-06 0.119E-06 0.100E 01
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figure. Again, we renmind the reader that this is "unwei ghted": weighting by
an initial release probability will even further depress this estimate

COST OF HEALTH RISKS IN A DI DACTI C KEPONE | NClI DENT: UNWEI GHTED AND
RELEASE- PROBABI LI TY WEI GHTED ESTI MATES

Now | et us turn to sone brief consideration of a damage category that,
while not relevant for the actual Kepone incident, is a possibility in
simlar incidents: human health damage. To enphasize the status of these
estimates, we refer to a "didactic" Kepone incident. Returning to figure
4.2, the relevant consequence category here is C3. And to enphasize that our
first calculation is done assuming a release has already occurred, we call
these first estimtes "unweighted" estimates.

These cal cul ations are relatively sinple. W need sone assunptions:
that individual exposure to drinking water drawn from the contam nated river
is 1 liter per day, or 365 liters over the duration of the period before
contamnation is detected; that period is taken as one year. Finally, we
assume a population at risk of 100,000 individuals.

Then we can readily compute, for each of our famly of distributions
indexed by L (L =1, ..., 10), the nean annual concentration of Kepone in the
river during that one year. Those concentrations, in parts per billion, are
recorded as the first row of table 12 bel ow.

To go from concentrations to the costs, to individuals, of bearing the
incremental nortality risk is straightforward: conpute exposure, then
multiply by a dose-response coefficient and by a value of increnental
mortality risk estimate. Because both of those nmultipliers are subject to
sone uncertainty, we begin by taking a range of values for each. W let the
dose-response nultiplier, which has the units of incremental annual nortality
risk (over one's lifetine) per parts per billion increnental annual exposure
(over one's lifetime), take the value 10**(-4) and 10**(-7). Simlarly, we
let the incremental nortality risk, which has the units of dollars per
incremental annual nortality risk (over one's lifetime), take on the val ues
10**(4), 10**(5), and 10**(6). Finally, conputation of an aggregate health
risk figure requires only that we multiply the individual health risk figures
by the population at risk, assuned here equal to 10**(5). The resulting
entries give the undi scounted present value of health risk damages, in
dol l ars.

Those estimates are still "unwei ghted" by rel ease probabilities, and
must be so weighted to arrive at what we have called the standard theory
estimates of the cost of risk bearing. For illustrative purposes, let us

sel ect what we believe are plausible values of increnental annual nortality
risk, 10°° and value of incremental annual nortality risk, 10™. Then the

unvyei ghted cost of risk estimates |ies between $0.131 x 10™' and $0.289 x
107, that range is associated with our range of uncertainty about the

flowvelocity dependence of Kepone concentrations in the "didactic" Janes

Again for iIIustrahive purposes, suppose that individuals assign the
subjective probability 10 to the event "a major release of Kepone into the
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9.

Table 12. Undiscounted Present Value of Health Risk Damages, Didactic Kepone Incident, in Dollars

L 1 2 ) PR 5 6 ! ) 9 in

Mt AN 0.3%8L 00 '0.406f 0U  0.454€ 00 0.502F 00  0.550F 00 0N.59AF 00 0.646F 0D 0.695F 00 0.743F 00 0, 791F 00
CONLENTRATIDN
i
INDIVIDUAL '
HFAL TH " . a
R1SK ‘

RISK VALUE

LOL-7 1064 0.131E 02 0.148€ 02 O.166F 02 0.183% 02 0.201E 02 0.218F 02 0.2367 02 0.256F 07? D.21 02 v.289 02
1OE-7 105 0.131F 03 0.148E 03 U.16&F 63 0.183E 03 0.201F 03 0.218€ 03 0.236F 03 0.254F 03 0.271F 03 0.2891 0
VOE-T7 10E6H  O0.131E 04 O0.L4HE 04 0.166E 04 0.103F 04- 0.201€ 04 0.210€ 04 0.236F 04 0.254E 04 0D.27T1F 04 0.2R9F 04
10€-6 L0E4  0.131E 03 0.14BE 03 0.166E 03 0.183C 03 0.201E 03 O0.218F 03 0.236E 03 0.254F 0) 0.271F 03 0.289F 0V
106-6 10ES  O0.131E 04 0.14HE 04 0,166E 04 O.183F 04 0.201F 08 0.218F 04 0.236F, 04 0.254E 04 0.2T1F 04 0.289F 04
10E-6 1066 O.131E 05 O.148E 05 0.166F 05 0.183E 05 0.201€ 05 0.218F 05 0.236E 05 0.254F 05 0.27IF 05 92.2897 05
LOC-5 L0E4  0.13LC 04 0.148F 04 0.166F 04 D.103F 04 0D.2006 04 0.218F 04 0.236FE 04 0.294F 04 0.271F 04 D.HIT 04
10€-5 10E5 0.131E 05 0.148E 05 U166 05 0.10)F 05 0.201€ 05 0.218E 05 0.236F 05 0.254F 05 0.2716 05 0.0 05
LOE-5 10F6  O.13LE 06 0.148F 06 O0.166FE 06 O.IBIE 06 0.201F 06 0.218E 06 0.236FE 06 D0.254C 06 0.271F 06 0.28 06
Lok -4 10E4  0.13LF 05 0.148E 05 0.166C 05 0.182F 05 0.201E 05 0.218F 05 0,236F 05 0.254F 05 0.27T0F 05 0.2R90 a%
10E-4 1065  O0.131E U6 UV.14HE 06 0.166E 06 0.183E 06 0.201F 06 0.210F 06 0.236€ 06 0.254E 06 0.271F dn 0.2089F 0n
10F -4 10E6 O0.131E O7 O0.148€ O7 O0.166F O7 0.183F 07 0.201F 07 0.2168E 07 0.236F 0T 0.2%F 07 0.2TLF O 0.2091 o7

TOTAL
HEAM TH
RU.K

PrsKk VALUE

LOE-7 10E4 0.131E 08 O0.14HE 08 0.166E 08 C.1B3E 08 O0.201F 08 0.216F 00 0.236F 08 0.254F 00 0D.2711 00 0.2089f 04
LOF-7 10E5  O.13E 09 0.144€ 09 0.166F 09 0.183F 09 0.201FE 09 0.218F 09 0.236F 09 0.254F 09 0,271 09 0.209F a9
tOE-7 10E6 O.131E 10 0.148E 10 0.166E 10 0.143E 10 0.201FE 10 0.2186 10 0.236F 10 0.254E 10 0.271F 10 0,.289F 10
10F-06 10E4 0.131€ 09 0.148F 09 0.166F 09 0.183€ 09 0.201F 09 0.218F 09 0.236€ 09 0.254F 09 0.271t 09 0.2%9 09
100-6 10FS  0.131E 10 0.148C 10 0.166F 10 O0.183€ 10 0,201F 10 O0.218E 10 0.236F 10 0.254F 10 0.271F 10 0.2090 10
10t-6 1016 O.M31E 1L 0,148 11 0,166F 18 0.1603F 11 0.201€ 11 0.218F Ll 0.236F 11 0.254€ 11 0.2740 11 0.289 I1.
LOE-% 1OFE4  0.131E 10 0.148F 10 O.166F 10 0.1H3E 10 0.201€ 10 0.208F 10 0,236 10 0.2%F 19 0.2710 §0 0.289¢ 10
1OE-% 1065 0.131E 11 0,148 1L 0.166F L1 0.183F 11 0.2006 11 0.218F 11 0.236F 10 D.254F bi 0.2TH0 11 0,289F |
100-% 1016 0.131E 12 0,148 12 0.166F 12 0.143F 12 0.200E 12 0.210F 12 0.2361 12 02540 12 0.2117 12 0.289F 1>
10E-4 1004 0.131E 11 0.148E 11 0.16GE 1E O.1A3F L1 0.200F 11 0.2V80 18 0.236F 11 D.2S4E LE 02718 1) D.2e 1)
LOE-4 10F5 0.131€ 12 0.148F 12 0.166F 12 0.183 12 0.200F 12 0.208F 12 0.23F 12 0.25%F 12 0271F 12 0.289F 12
10t-4 J0E6 O0L13E 13 01480 1) 00E66F 1V 0.183E 13 0.201C 13 0.210F 13 0.2366 13 0.2%F 11 0.271F 13 0.209F 11
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James"; for specificity, think of a relatively large and sudden rel ease.

Then the cost of risk-bearing estimates, when weighted by this factor, lie in
the range $0.131 x 10" to $0.289 x 10" That range may be roughly
translated into the statenent: an annual expenditure of about one mllion
dollars is warranted if it can prevent an incident |ike Kepone contam nation
of our "didactic" Janes River. Discounting that stream of expenditures at
10% that statement becomnes: a capital expenditure of about ten mllion

dollars is warranted if it can prevent an incident |ike Kepone contam nation
of the James River.

These are | arge nunbers, and would alnpbst certainly justify a rather
substantial and rigorous nonitoring, or early warning, system for "novel" and
| ow | evel contami nants of drinking water.

| MPLI CATI ONS AND CONCLUSI ONS

Now | et us |ook back over the calculations we have done. W conputed
two kinds of dammges: those associated with a sudden transfer of Kepone into
the Bay, and those associated with human consunption through the drinking
wat er exposure route. We take those up in turn.

The damages associated with a sudden transfer of Kepone into the Bay are

surprisingly snall. The nunbers are so small that we feel content to rest
with the very rough method, bound to give overestimtes, which we used. To
recall only the essentials of that nethod, we assuned that source

concentrations are transported undi m ni shed downstream and into the Bay, and
that there is effectively no process of deposition and resuspension. The
critical sensitivity, the sensitivity of rate at which Kepone in bottom
sedinent at the source point is resuspended to flow velocity, is captured, in
a very rough and ready way, by our nethod. The relatively small resulting
variation in Kepone transport into the Bay is tribute to the relatively snal
variation in flow velocity. That is true for both the normal flow
distribution and the extraordinary flow distribution, where by the latter we
mean the distribution associated with hurricanes, floods, and the like.

The damages to human health that can result from a Kepone-type incident
in a water body from which drinking water supplies are drawn are very much
larger. Again, there is a nore or less sinple reason. |f Kepone is
reasonably carcinogenic, and if several years elapse fromthe tinme at which
such exposures begin to the tine at which taking drinking water fromthe
river is halted, then the risk can be quite large. And thus the valuation of
the risk posed by those exposures can be quite |arge.

The cost of risk figures are in fact so large that they would justify a
substantial programfor nonitoring drinking water suplies for novel and
possi bly dangerous pollutants. Simlarly, they would justify substanti al
expenditures to guarantee that plants situated on waterbodies |inked to
drinking water supplies do not contaminate those waterbodies with |ow | evels
of dangerous naterials over long periods. This is a kind of monitoring that
is different in character fromthe kind generally in place now typically,
we measure the levels of the nmore familiar bacterial and mineral conponents
of drinking water.
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