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Disaster-Prone Technologies, Environmental Risks,
and Profit Maximization

RICHARD W.ENGLAND *

The adoption of modern industrial technologies has resulted in dra-
matic improvements in labor productivity during recent decades, but
these methods of production also frequently require the processing,
storage and transportation of explosive or toxic chemicals, radioiso-
topes and other hazardous materials'. As tragic events in Brazil,
Mexico and [ndia have vividly illustrated, substantial risks of major
industrial disasters accompany the adoption of thesc productivity-
enhancing techniques (see Tuble 1)*.

Although some commentators have concluded that modern tech-
nology is intrinsically fatal. I would like to argue that the probability
of industrial disasters ts determined only in part by the physical
characteristics of particular techniques. Another determinant of the
degree of accident risk 15 how those methods are managed by the
individual enterprise. In particular, mstallation of safety devices.
better training and more frequent monitoring of operating personnel,

* Associate Professor of Economics, University of New Hampshire, Durham,
U.S.A. This paper 1s bused on research supported by a Faculty Development Grant
from the University of New Hampshire. The author would like to thank Professors
MARGRIET CASWELL, JaAMES HORRIGAN, DONAID KING, RICHARD M1t 1s. and Paut
WinpT for their helpful suggestions.

I According to one estimate, 1 5 billion tons of *dangerous cargo’ 1s transported
annually 1n the United States The substances being shipped range from gasolme to
nuclear wastes [sce Wall St. Journal. 8 July 1986, p 62]

2 The reader might ask why the Soviet nuclear accident at Chernobyl s not
ncluded in Tuble I or my subsequent discussion The reason s that 1 beheve the causes
of industrial disasters differ between centrally-planned cconomies and corporate-
oriented zconomies The analysis in this paper v meant to apply (o the latter set of
countries. For some comments on environmental conditions i the socialist world, see
ENGIAND |1987]
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use of less hazardous materials, and more frequent inspection and
maintenance of equipment can lower the probability of major indus-
trial accidents. Hence, the likelihood of industrial disaster is in-
fluenced by a variety of management practices as well as by the tech-
nology utilized.

In the first section of this paper, I specify a microeconomic model
of disaster risk and its relationship to profit maximization in the short
run by the individual firm*. The second section discusses the optimal
accident probability from the firm’s perspective and how that prob-
ability might be influenced by the magnitude of prospective accident
losses to the firm itself. The concluding section offers several reasons
for believing that the accident probability chosen by a profit-maxi-
mizing firm will be greater than the socially desirable level in the
absence of public regulation of firm behavior.

Tuble |

Recent Industrial Disasters

Site Date Fvent Immediate Fatalities
Cubatio February 25. explosion of o1l 508 deaths!

(Brazil) 1984 pipeline

Mexico City November 19, explosion of storage at least 450 deaths’
(Mexico) 1984 tanks containing

3 milhon gallons of
hiquefied gas?

Bhopal December 2-3, discharge of 50,000 2374 deaths (official)

(India) 1984 pounds of methyl 5000 deaths (un-
1socyanate vapor* official)®

Sources 1. 1985 Reader's Digest Almanac, p 44

. Facts on File, November 23, 1984, p 866
The Nation, April 27, 1985, p 488
. Environment, September, 1985, p.34
thid . p 12, Wall Street Journal, Apnl 3. 1987, p 3

[ "R R SR

3. For other models which bear some similarity to the one proposed in this paper,
see Viscusi [1983] and Ora1l ucH and GRIGALUNAS [1984]
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DISASTER-PRONE TECHNOLOGIES

I MODEL SPECIFICATION

Let us begin by assuming that a one-plant firm faces a linear demand
function for its single product:

p=a+bQ, a>0,b<0, (1)

where p is product price and Q is the quantity demanded (and pro-
duced). That is, assume that the firm is an imperfect competitor in its
single product market.

Suppose, furthermore, that this enterprise has already adopted a
specific industrial technology and that 1t has made fixed investments
in a certain capacity to produce, call it Q,. Its total production costs
are then the sum of its fixed and variable costs, F and V respectively.
Note, however, that although F and V are fixed and variable with
respect to the firm’s output rate both categories of cost can be expect-
ed to rise if the firm’s management undertakes extra measures to
reduce the probability of a major accident. (More frequent inspection
of chemical storage tanks at a pesticide plant, for example, could
lower the chance of a Bhopal-style disaster whether the plant is shut
down or operating at capacity. These inspection costs would there-
fore appropriately be regarded as additional fixed costs of owning the
plant.)

Consequently, let us assume that

F=F, !, F,>0, § <0 2)
and
V=v,-r!-Q v,>0,0<Q<Q,, (3)

where r is the probability of a major accident at the firm’s plant and
is the elasticity of both fixed costs and variable costs with respect to
the firm’s decision, whether explicit or implicit, about the magnitude

of r*. Hence, both production cost categories are mintmized if the
firm’s management is willing to accept the inevitability of an accident,

4 The assumption that these two elasticities are equal 1s somewhat restrictive, but
the analysis which follows would not differ dramatically unless the two elasticities
were substantially different from one another. 1t should also be noted that (3) imphes
that both average variable cost and marginal cost are constant and equal to v,rf so
long as 0 <Q < Q,.
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and both costs approach infinity if management attempts to eliminate
the chance of an accident altogether.

It should be noted that this specification of the firm’s production
costs embodies several important premises. One is that opportunities
exist to manage, but not eliminate, the probability of major accidents
within firms utilizing disaster-prone techniques of production. The
second premise is that firm managements face risks of, and not uncer-
tainty about, prospective accidents. That is, they are assumed to be
able to choose a spectfic accident probability based on information
gathered from sources such as probabilistic risk assessment studies by
engineering stafls or historical loss data recorded by insurers.

This does not complete our specification of the firm’s cost condi-
tions, however, since its management will also take account of its own
accident-related losses should an accident occur. Let us assume that A
1s the present value of the firm’s prospective accident losses (e. g.
equipment and inventory damages, extra liability insurance premia,
etc.) and that A has a particular magnitude determined by the firm’s
past technological and fixed capital investment decisions, legal liabil-
ity rules, etc. Hence, the firm faces a lottery with respect to its overall
costs, but a lottery in which it chooses the odds and in which the
payoffs vary with the odds! The expected value of the firm’s overall
costs, E(C), is thus gtven by

E(C)=F()+ V(Q,r) +r1-A. (4)®

How a firm’s management might react to this risky cost situation is
unclear. Some recent experimental research apparently contradicts
the expected-utility maximization hypothesis and risk-aversion as-
sumption which have dominated economic analyses of choices in-
volving risk since the 1940’s [ARROW. 1984; SCHOEMAKER, 1982;
Viscust, 1985]. In order to close my model, then, I shall simply assume
that the firm’s management seeks to maximize the expected value of
its total profit, E(IT). where

5 Of course, firm decisions actually result in a probability distribution of acci-
dents of various magnitudes at any particular output rate Equation (4), therefore,
embodies a stmplifying assumption.
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E@=p-Q—-F(r)—V(Q,n—r-A (5)
=aQ + bQ? — F,rf — v rfQ - rA.

That is, 1 shall assume risk-neutral preferences on the part of the
firm’s management.

I IMPLIC ATIONS FOR FIRM BFHAVIOR

Let us now consider what requirements must be satisfied to maximize
expected total profit and what those requirements imply for firm
behavior under alternative situations. Differentiating (5) with respect
to the firm’s two decision variables. one finds the following pair of
first-order conditions for a maximum:

CE(n) #Q =[a 4+ 2bQ] — v, rf =0 (6
and
CE(m)/ir= —f [F,+v,Q] 1 ~A =0 (7)

The first equality can be interpreted as the usual requirement that the
output rate be such that marginal revenue equals short-run marginal
cost. The second equality, which is less transparent, requires that the
marginal benefit to the firm in the form ot reduced production cost via
accepting an incremental chance of industrial disaster equals the
marginal expected accident losses of the firm associated with accep-
tance of that incremental probability®.

Alternatively, one can concerve of these first-order conditions for
maximization of expected total profit as a pair of equations generat-
ing (Q. r) pairs which satisfy those marginal conditions:

Q=-" 4|0 w (8)
T 2b |2b )

F A
e s 9
< Va [/M ] )

6 Note that the first term of (7) 1s equal to  &(F + V)¢t > O. which must equal
d(r-A)/dr>0

and
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In both instances, Q increases monotonically with r but at a decreas-
ing rate in (8) and an increasing rate in (9). Given the earlier restric-
tions on parameter signs and magnitudes and the further plausible
assumption that v, <a (which amounts to assuming that the highest
possible demand price exceeds the lowest possible marginal or aver-
age variable cost), one can graph (8) and (9) as depicted in Figures I
and 2, respectively. (Graphical intercepts are defined in the appen-
dix.)

With this graphical apparatus in place, one can then ask whether
there exist unique values of the firm’s decision variables, call them Q*
and r*, which satisfy (8) and (9) simultaneously with Q>0 and

Figure 1

Equality of Marginal Revenue and Marginal Production Cost

o &

93_—_—
92.—_____
L
r
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O <r< 1. Inspection of equation (8) suggests that current demand
conditions and the firm’'s past choice of technology and plant size
jointly determine the position of its graph in Figure /. Equation (9),
however, implies that the position of its graph in Figure 21s deter-
mined by both past investment decisions and by prospective accident
losses borne by the firm should a disaster occur. In particular, that
graph rotates upward about point @, as the magmtude of A increases.

Figure 2

Equality of Marginal Benefit ol Risk-Bearing and Marginal Expected Acaident Loss

o 4
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As outlined in the appendix, simultaneous satisfaction of equa-
tions (8) and (9) at a profitl-maximizing equilibrium with a positive
output rate and a positive, but less than unitary, accident probability
is by no means assured. That is, operation of the firm’s production
facility without the inevitability of a major accident is problematic.
However, if the firm’s cost, demand and risk parameters do permit
such an equilibrium, it is interesting to speculate how a firm’s
management might react to differences in those conditions.

For a firm of a particular size. for example, the obligation to pay
more compensation to victims should a disaster actually occur would
tend to result in a lower output rate and smaller chance of disaster.
That is, for higher magnitudes of A, the graph of (9) rotates about
point @, and towards the vertical axis, thereby indicating lower
equilibrium values of Q* and r*, cereris paribus.

What influence might plant size per se have on disaster risk? Given
the level of product demand and the potential accident costs faced by
a firm, larger firm size (as measured by F,) indicates a downward and
rightward shift of the graph of (9). This shift in the equilibrium
requirement of equal incremental costs and benefits of additional
accident risk implies, in turn, higher output and greater risk of an
industrial disaster. Henee, ceteris paribus, a firm with a lower capacity
utilization ratio might be willing to accept a greater risk of an indus-
trial disaster of a particular magnitude. Finally, note that this model
suggests that a firm’s decision about its output rate will depend upon
fixed cost considerations as well as product demand and short-run
marginal cost once issues of risk management are taken into account.

NI PROKIT MAXIMIZATION AND PUBLIC SAFETY

So far, I have addressed how management of disaster risk 1s linked to
the private profit calculations of the industrial enterprise. A further
1ssue is whether the management practices of the individual firm will
tend to result in an adequate level of public safety. The major theme of
this section is that industrial corporations probably do impose exces-
sive risks of major accidents on society as a whole. This excessive risk
is not because of intrinsic recklessness on the part of individual
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managers but because of various features of their legal and economic
environment.

Let us begin to construct this argument by noting that the privately
discounted costs of an accident from the firm’s perspective are not
necessarily equal to the socially discounted costs of that accident to
the whole of society. If the latter magnitude (call it A)1s greater than
the former sum (which we have denoted as A). then our model implies
that Q* will exceed the socially optimal output rate. Q, and r* will
exceed the socially optimal degree of disaster risk, 7.

There are a number of institutional reasons for believing that the
soctal magnitude of accident losses will indeed exceed that sum borne
by the individual firm in the event a major disaster does occur. First,
there 1s likely to be substantial undercounting of uccident victims in the
wake of an industrial disaster. Although it is relatively simple to count
those immediately killed and injured by an explosion, it 1s far more
difficult to identify and cnumerate the victims of exposure to toxic
chemicals, heavy metals, asbestos fibers, and radicactive matenals.
Latency periods of years. even decades, may elapse between exposure
to hazardous substances during an accident and later diagnosis of
consequent diseases [HATTIS and KENNEDY, 1986, p. 62]. As a result,
some accident victims will not even claim compensation because they
are unaware of the harm which they have suffered in the remote past.
In addition, long latency periods make it difficult for the individual
victim to legally claim compensation. As GOFMAN [1981. p. 108] has
noted in a similar context:

An indusirial worker can be very unfairly treated as a result of a long latent period
between radiation insult and development of a chinical cancer if he [or she] is asking for
worker’s compensation. Lawyers. judges, juries, and physicians have all tended to
disbelieve that present cancers can result from radiation exposures twenty years ago
Even today, .. the worker making a claim of occupationally mduced cancer has a
tough time winmng .

Another factor which tends to result in undercounting of accident
victims is the widespread legal and administrative presumption that
there are threshold levels of exposure to hazardous substances below

7 Tosee this point, insert the values of A and A in (9) and note that the graph of (9)
1s closer to the Q-axis when A > A, as depicted in Figure 3, thereby indicating a differ-
ence between the social optimum and the private equihbrium of the firm
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Figure 3

Private Risk versus Public Safety

(A) (A)

A J

which no health effects will be felt. This presumption implies that a
portion of the exposed population which has received relatively low
doses during an accident does not deserve to be compensated. In fact,
however, the existence of threshold exposure levels is problematic
since those thresholds are often inferred by linear extrapolation of
data from high-dose animal studies [HATTIS and KENNEDY, 1986,
pp- 63-65]. After an exhaustive study of radiation exposure data,
GOFMAN [1981, p.411] concluded that ‘cancer and leukemia induc-
tion by radiation is proportional to dose right down to the lowest
concetvable doses’ 8. Hence, because of an erroneous legal presump-

8. After surveying epidemiological evidence on low-dose radioactive exposures,
ARCHER [1980] reaches a similar conclusion.
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tion that threshold exposure levels exist, a substantial number of
accident victims may not receive any compensation as a result of the
civil litigation which inevitably follows any industrial disaster.

A second major reason for believing that social fosses will exceed
firm losses is that those accident victims who are successful plaintiffs
in tort suits are likely to be inadequately compensated. This results, in
part. from the frequent use of the discounted-future-carnings cri-
terion iri civil suits to assess damages for wrongful deaths and injuries.
This human-capital-loss criterion has been widely rejected within the
economics profession, and willingness-to-pay-for-reduced-risk has
been offered as a supertior criterion [BAlLEY, 1980; Mistian, 1976]°.

Even though the willingness-to-pay (WTP) criterion normally
implies greater generosity when compensating accident victims,
however, some authors are skeptical about its appropriatencss as a
norm for legal compensation. As MENDELOFF[1983, p. 557] has noted:

‘Like the human capital approach, willingness to pay raises the dilemma that prevent-
ing harm to the rich confers greater benefits than preventing harm to the poor”

In other words, WTP advocates implicitly accept existing inequali-
ties in earnings and wealth distributions and then search for Pareto
improvements within that mherited distribution scheme. It is surely
debatable, however, whether social welfare judgments should take
current earnings and wealth distributions for granted. thereby con-
demning poor victims of industrial disasters to meager compensa-
tion. Te value the lives of the already poor neighbors of disaster-
prone plants in this manner is to risk reproducing and even intensify-
ing their state of poverty.

Addiuonal reasons for rejecting the WTP criterion for accident
compensation purposes can be found in GREGORY and MCDANIELS
[1987]. First, numerous empirical studies have suggested that indivi-
duals’ compensation demanded for losses incurred exceeded their
reported willingness to pay in order to avoid those losses. Further-
more. the WTP criterion is theoretically grounded in the notion of

9 Consider, once again, the casc of Bhopal BrsHarov and Ret rir [1985] have
reported that the discounted-future-carnings criterton justifics payment of only
$8.500 per fatality to the survivors of those slumdwellers who died i that pestucide-
plant disaster.
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voluntary bilateral exchange. Hence, ‘asking a person the maximum
amount they willingly would pay to avoid ... something they don’t
want ... gives (at best) an odd meaning to the term “welfare” ...’
fp.20]. For these and other reasons, the authors conclude that the
WTP criterion ‘could dramatically underestimate the social costs of
environmental losses in certain contexts’ [p. 24].

Not just the proper amount of compensation per plaintiff, how-
ever, but also the timing of its receipt by the accident victim is relevant
in this context. Legal principles of due process and right of appeal are
certainly to be cherished, but they also tend to result in a protracted
process of civil litigation after a major accident, thereby delaying the
date of actual victim compensation. (As Table 2 verifies, the legal
process stemming from the Bhopal disaster has already been quite
lengthy but victims have not yet been compensated.) Unless the
courts require corporatc offenders to pay substantial interest charges
on top of damage awards, victims will be undercompensated.

Still another major reason for believinig that corporate firms will
choose excessive degrees of disaster risk is that the total potential
compensation owed by shareholders to accident victims is capped by

Tuble 2

Chronology of Bhopal Litigation

toxic gas discharge December 1984
filing of private suits aganst Union Carbide in U S. federal January 1985
court

filing of suit by Indian government in U.S court April 1985

$ 350 milhon offer by Union Carbide to settle damage claims March 1986
dismassal of Indian suits in U' S court May 1986

filing of suit 1n Bhopal court by Indian government September 1986
demand by Indian government that Umon Carbude pay in November 1986
compensation $ 3000 million

plea by Indian judge for immediate rehef payments by Union April 1987
Carbide and Indian Government

order by Indian judge that Union Carbide pay $ 270 mithon in December 1987
mterim rehef

appeal of interim relief order by Union Carbide December 1987
full payment of compensation to Bhopal victims "
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bankruptcy and limited liability provisions of corporate law. As ARROW
[1971, pp.138-141] has suggested, these provisions may serve as
(imperfect) instruments for sharing risk within society. However, |
must agree with HowARrD [1980, p. 105], who states:

Today corporations have the same hmited liabihty to third paruies (hke the vicum of
the risk) that they have to second parties. therr knowing creditors This means that if a
corporation 15 so structured that its assets are insufficieat to satisly a claim. the
victim’s estate cannot reach beyond those assets to the stockholders for the settlement
of the claim. While [ have no objections to the mited habihty to creditors because
they entered nto the credit arrangement with knowledge of the Iimited babihity 1see
no reason why this lmit should extend to third partics.

Regardless of the ethical questions involved, however, limiting
corporate liability in multi-billion doHar disasters to the amount of
shareholders’ equity tends to promote excessive risk taking by corpo-
rate executives and managers '°.

What, if anything. might be done to reduce the risks of industrial
disasters to socially acceptable levels? KATZMAN [1986] has suggested
that statutes requiring corporate purchase of hability insurance
might help. although he concedes that such disasters might be unin-
surable by private insurers since they are intrinstcally rare events and
hence there is little loss experience on which to base the computation
of insurance premia. Alternatively, one might promote greater civil-
suit damage awards by climinating limited-liability to third parties,
requiring adequate interest payments on deferred compensation to
victims. and so forth. This tort approach to deterring industrial disas-
ters is limited, however, by the difhiculty of judging the damage claims
of hundreds. even ten of thousands, of victims in civil court, ¢ven
when individual claims have been consolidated by class-action suits.

IV CONCLUSION

I have argued in the preceding sections that some industrial technolo-
gies are disaster-prone, thatis, can result in major accidents involving
10. This general point 1s compounded m the specific case of caommercial nuclear

power n the United States by the Price-Anderson Act. which limits the hability of
U.S electric utilities to $665 million per nuclear accident [F1vin, 1986]
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serious property damage and heavy loss of human life. The probabili-
ty of such accidents is not determined by technology alonc, however,
but also by the management practices within the enterprises utilizing
those technologies.

The model developed in this paper implies that a profit-maximiz-
ing management will seek to reduce the likelihood of an industrial
accident the greater are its own prospective financial losses associated
with such an accident. This suggests, in turn, that tort liability for off-
site damages can play a role in deterring industrial disasters.

I have also argued, however, that there are various institutional
reasons for believing that profit-maximizing. risk-neutral manage-
ments might tolerate disaster probabilities in excess of socially opti-
mal levels. I would conclude, then, that safety regulations enforced by
government agencies must also play a role in preventing industrial
disasters. One might even want to entertain the suggestion of one legal
scholar [SAvoy, 1981] that executives who knowingly manage their
plants with a substantial probability of loss of human life be subject to
criminal penalties''.

APPENDIX
The intercepts in Figures 1 and 2 arc defined as follows:

0, = (a/v)", 0<0, <1
0, =(v, — a)/2b >0

0, =—a2b>0

@, = (__/}Fn/,'A)l'(l‘/!) >0
p,= —F /v, <0

Ceteris paritbus, if A s sufficiently small, the graphs of (8) and (9) intersect when Q*
cquals @, and when r* = | Thatis, the firm will accept the certainty of modest accident
losses of a routine nature, ¢ g breakage of display tems 1n a retail shop. At the other
extreme, if A s sufficiently large, the graphs or (8) and (9) intersect when Q* = 0 and
r* = @, = @, . Inother words, the short-term response of a firm facing truly catastroph-
1c accident losses will be to cecase operations.

1. The Indian government has recognized this possibility by filing homicide
charges agamst nine former ofhcials of Union Carbide, including its ex-chairman,
because of the Bhopal disaster {Wall St. Journal, 2 December 1987)
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Within these extremes, Q* > 0 and 0<r* <1 if and only it @, <®, <1 and, n
addition, the two graphs interscct when r<1 That is, the existence of a profit-max-
mizing equilibrium with risky operation by the firm requires that

~(0iB) A<F, < —(1/f) A, (10)
and
F, <, —(L:f) A, (1
Voo iV, — ) S LY
where = - and & = (a/v,) '
2b

These .nequalities, 1n effect, restrict the range of firm sizes which arc consistent
with maximization of expected profit. given the magnitudes of product demand and
variable cost facing the firm.
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SUMMARY

This paper presents a model of short-run profit maximization by an industrial firm
utihizing a disaster-prone technology. The firm’s decisions about output rate and
accident prevention activities are shown to be jomntly determined by market demand,
production cost and prospective accident loss data. Vartous stitutional reasons are
given for believing that, in the absence of government safety regulations, even a risk-
neutral management is likely to choose an excessively high probability of a Bhopal-
style disaster.

ZUSAMMENFASSUNCG

In diesem Beitrag wird ein Modell der kurzfristigen Gewinnmaximierung fir Indu-
strieunternehmungen entwickelt, deren Technologie die Gefahr von Katastrophen
birgt Dic Entscheidungen der Unternehmung hinsichtlich Produktion und Unfall-
vorbeugung werden bestimmt durch Nachfrage, Produktionskosten und erwartcte
Folgekosten von Unfillen. Aus verschiedensten institutionellen Grunden durfte
sogar ein ristkoneutrales Management — ber Absenz staatlicher Sicherheitsvorschrif-
ten — dazu neigen, einc aus gesellschafthicher Sicht zu hohe Wahrscheinlichkert emer
bhopalartigen Katastrophe zu wahlen

RESUME

Cet article présente un modele de maximisation du profit pour une entreprise indus-
trielle qui met en ceuvre une technologie a trés hauts risques. Les auteurs montrent que
les décisions de entreprise concernant le taux de production et les activités de préven-
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tion des accidents sont déterminées conjointement par la demande du marche, les
cotts de production ct les données prospectives de pertes d’exploitation consécutives
aux accidents.

Cet article fournit difféerents rawsons institutionnelles pour penser qu’en I'absence
de réglementations officielles de la sécurité, une direction d’entreprise neutre envers le
risque choisira vraisemblablement unc probabilité extrémement ¢levée vis-a-vis d'un
désastre du style de celur de Bhopal
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