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PREFACE

Several analytical procedures can be used to place dollar values on
the benefits of policies that reduce mortality. This report examines the
sensitivity of such measures to age, time, and information effects.
Individuals of different ages may receive different degrees of benefit,
and value reduced risk in different ways. Policy effects develop over
calendar time, so members of different cohorts derive different levels of
benefit. The theoretically sound willingness-to-pay benefits measures
are sensitive to whether an individual’s choices are consistent over
time. Finally, the value of a risk-reducing policy is influenced by the
distribution of information about individual risk of death. The
consumer’s information influences the desired pattern of lifetime con-
sumption, and market information determines the extent to which the
consumer can borrow against future income.

This report derives benefits measures from a formal model of indi-
vidual lifetime consumption decisions and applies them to several cases
of policy interest. The computer model used in the case studies is
documented in an appendix. Copies of the model and the case study
data are available on request.

The study should be of interest to policymakers in health-related
fields, regulatory analysts, and both applied and theoretical welfare
economists.

This research was supported by a cooperative agreement with the
Office of Policy Analysis of the U.S. Environmental Protection Agency.
The project officer was Dr. Ann Fisher of the EPA Office of Benefits
Assessment. Publication of the report was funded by a grant from the
John M. Olin Foundation.
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SUMMARY

This report presents a detailed model for evaluating the benefits
from reducing the risk of mortality. The model is sensitive to a wide
range of variables, some of which usually are not considered in deriving
benefits from optimizing behavior. The formal development of the
model is complemented by three numerical case studies and by a copy
of the model itself, together with a user’s guide allowing the reader to
explore various facets of the model’s behavior.

The model allows comparison and sensitivity analysis with respect
to many aspects of the risk being considered.

RISK ASSESSMENT

Although the valuation part of the model applies to any risk of
death, the risk assessment part concentrates on cancer risks. A
parametric model is used to translate exposure patterns into lifetime
survival patterns or “lifetables.” “Latency” measures the minimum
time from exposure to death. It is divided into the time required for
irreversible cell transformation to take place and the time required for
the individual to succumb to the disease. This division is represented
by a second variable, called “stage,” which measures the first interval.
The slope of the relation between current exposure and eventual mor-
tality is called the “dose-response constant.” Finally, in many cases,
risk also increases with time since exposure, even after the latency
period has elapsed. This relation is often measured using a simple
power of time since exposure, and the strength of the relation is cap-
tured in a variable called the “time power.”

UTILITY '

For computational simplicity, we work with a simple isoelastic util-
ity function. The consumer is assumed to maximize the present
discounted value of an additively separable isoelastic indirect utility
function. The model includes parameters representing individual
discount rates and risk aversion (in this case the elasticity of indirect
utility with respect to current consumption).



PROCEDURE

We consider three different procedures, all of which are used in pol-
icy decisions. The best procedure is the “willingness-to-pay” approach,
in which the individual’s compensating (or equivalent) variation for an
altered lifetable is used to measure benefits. We contrast it with two
approximate procedures. The first takes full account of the lifetable
change but ignores utility information. This “human capital” approach
equates individual benefits to the change in lifetime expected income.
The individual is regarded as a productive asset and changes in risk are
valued according to their impact on the asset’s value. The second
approximation takes account of individual myopia and risk aversion
but simplifies the risk computation. It is called the “value-of-life”
approach. It uses an optimization model to place a dollar value on a 1
percent change in life expectancy and uses this to evaluate policy
induced changes. It is only approximate, since the life expectancy
computation reduces complex changes in survival patterns to a single
dimension.

REFERENCE

In valuing changes of any sort, two approaches bound ' the
individual’s “true” value. The “willingness-to-pay” or “compensating
surplus” approach takes the modified lifetable as the benchmark and
asks how much money the individual could give up without being worse
off than at the status quo ante. The “willingness-to-accept” or
“equivalent surplus” approach reverses this focus and asks how much
the consumer would accept in lieu of the new lifetable. '

TIMING OF INFORMATION

For technical reasons, the age at which surpluses are evaluated
makes a difference. For well-known reasons of psychological con-
sistency it makes sense to fix a chronological “age of reason” at which
benefits are evaluated. However, since an individual following an
optimal consumption path reallocates consumption over time, current
wealth and thus benefits will reflect previous consumption and invest-
ment decisions. Therefore, we must account both for the age at which
benefits are measured and the age at which the individual learned of
the change in lifetables. In this report we consider three possibilities.
The “perfect foresight” case assumes that the individual learns the true
lifetable at birth. The “imperfect foresight” case models individuals
who learn of the policy change when it occurs, regardless of their chro-
nological age. Finally, the “no foresight” case assumes that individuals



never learn of their new lifetable. Comparison of these cases highlights
the value of information and brings out the point that health benefits
are a joint product of policies, individual choices, and collective
(market) responses to information.

TIME CONSISTENCY

One potential difficulty with lifetime utility maximization models is
that the individual’s willingness to pay at one age is used to measure
benefits accruing to the individual throughout his or her life. If the
individual follows the planned consumption path, this procedure is
relatively easy to defend. However, this property of time consistency is
not guaranteed in this setting. The individual is assumed to solve a
discounted dynamic programming problem. The future is discounted
twice: once as a result of the individual’s psychological time preference
and again by the force of mortality. Time consistency in such prob-
lems is equivalent to constant exponential discounting. In this case,
although the first source of time preference may be exponential, the
second is not. There is a time-consistent solution, but it differs from
the conventional one. We examine both procedures, because policy
should be based on how people actually make decisions rather than on
how policymakers would decide on their behalf. Individuals who follow
the time-consistent procedure will never wish to reoptimize. In this
report, we consider two reoptimization possibilities for time-
inconsistent individuals: reoptimize only when conditions change; or
reoptimize myopically in every period.

The case studies consider policies that reduce asbestos exposure in
schools, occupational asbestos exposure, and lead in gasoline.

The results of the case studies support certain policy conclusions.
As far as risk assessment is concerned, there is strong support for the
position that summary measures such as “lives saved” or “change in
life expectancy” are poor substitutes for detailed lifetable analysis.
This reflects both the coarseness of such’ measures and the fact that
they limit policymakers to distinctly inferior benefits measures. If
summary risk assessments are unavoidable, numerical benefits should
be adjusted to correct the bias.

Not surprisingly, measured benefits respond to changes in risk vari-
ables such as latency and stage (which reduce benefits), exposure lev-
els, and time power. One interesting observation is that time power
has a strong effect on benefits for schoolchildren exposed to asbestos.
Most clinical data concern workplace exposures, so the joint distribu-
tion of latency, stage, dose-response, and time power values is not
known with any certainty. Our simulations suggest that there is a high
payoff to further scientific investigation.



The characteristics of individual utility also strongly influence mea-
sured benefits. Moving from the 5 percent interest (discount) rate used
in our base case to the 10 percent currently used by the Office of
Management and Budget reduces willingness to pay by as much as 97
percent, although the effect is considerably less for the human capital
measure. Similarly, reductions in risk aversion strongly reduce mea-
sured willingness to pay.

Differences in procedure have marked effects on numerical benefits.
Although their magnitude varies with the case studied, some overall
conclusions are possible. Human capital dramatically understates will-

* ingness to pay by as much as 80 percent. The value of life procedure

even more dramatically overstates (by as much as an order of magni-
tude), especially as the age at policy change decreases.

Differences in reference point are less important; compensating
surplus is typically slightly less than equivalent surplus.

The timing of information affects benefits strongly. Overall, perfect
foresight (individuals informed at birth) depresses benefits for very
early cohorts and inflates them for later groups. The alternative in
which individuals are never informed always depresses measured bene-
fits, indicating a positive value of information, although this effect is
weaker for later cohorts.

Finally, time-consistency assumptions have a dramatic effect on
benefits. Compared to the time-consistent procedure, the “precommit-
ment” scenario in which the time-inconsistent individual never reop-
timizes) understates benefits by as much as 35 percent. The “myopic”
scenario in which the individual reoptimizes in every period, reverses
this ranking, overstating benefits by as much as 200 percent.

Overall, the policy recommendations of this report are:

e Base benefits assessments on full lifetable comparisons.

e Reexamine clinical and laboratory data in a way that permits
economically meaningful risk assessment.

e Undertake ancillary studies of individual risk preference and
time consistency.

e Avoid the use of human capital or value of life measures when-
ever possible. If their use is unavoidable, human capital should
be inflated and value of life deflated (by a factor of about five)
to give approximate willingness-to-pay measures.

e Take careful account of the timing and distribution of informa-
tion when choosing policy options and measuring benefits.
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I. INTRODUCTION

Both age and time can affect the measured benefits stemming from
policies designed to alleviate environmental causes of death. This
measurement has two main components: assessment of the change in
risk to life; and valuation of the changing risk. Despite a wealth of
literature dealing with these issues, practical benefits estimation is lim-
ited to two procedures, “value of life” and “human capital,” neither of
which is particularly sensitive to aspects of the situation that influence
individual well-being.

Most commonly, policy benefits are estimated as “deaths avoided”
multiplied by the “value of life.” Changing risk is represented by the
reduced number of (statistical) deaths attributed to the cause(s) associ-
ated with the policy. The measure of changing risk is deceptive
because no policy can “save” lives. A decreased probability of death at
one age is always accompanied by an increased probability of death in
later years. The “deaths avoided” approach is insensitive to the degree
to which life is prolonged and to the age at which the individual feels
the greatest benefit. The “value of life” is taken from a wide and grow-
ing range of numbers derived from empirical or contingent valuation
studies. These numbers implicitly depend on a wide variety of prefer-
ence, information, and other parameters that are usually uncontrolled.
The drawbacks of such numbers are well known.! What is relevant
here is that their use can be substantially improved by taking account
of age-related aspects of the policy situation.

The other popular measure is the “human capital” measure: the
change in an individual’s lifetime expected earnings as a result of the
policy. If properly computed, this measure is sensitive to some aspects
of mortality. In other ways, however, it is even less satisfactory than
the death-counting approach. For instance, it places no value on poli-
cies that extend life beyond the earnihg years. If the future is
discounted, it places relatively little weight on policies designed to save
the lives of the very young. Finally, there are serious theoretical ques-
tions as to whether the market value of an individual’s existence
should be used to guide policies designed to correct failures in the
market’s production and allocation of life-extending activities.

In what follows, the term “age effect” refers to the possibility that
individuals of different ages may experience different levels of

1For example, see the discussion in Linnerooth (1979).



reduction in risk and may value such changes in different ways. The
term “time effect” is used to refer to the possibility that policy effects
may develop over calendar time, so that benefits experienced by indi-
viduals of a given age may vary with the calendar year of their birth.

To illustrate the difference between the two effects, consider a regu-
lation that reduces exposure to a substance that causes leukemia. The
age effect is that young people will benefit more than old people,
because they are more susceptible to the disease. The time effect is
that future generations of young people will benefit more than current
generations, since they will never have been exposed to the substance.

Age and time effects are not independent. For example, cumulative
exposure depends on level of exposure and time exposed and thus may
have an age dimension. However, the direction of this correlation may
not be as expected. Asbestos was introduced to schools relatively
recently, and the level of airborne fibers increases with the age of the
building. Therefore, individuals in more recent generations may face
higher levels, albeit shorter periods, of exposure. The age distribution
of risk may therefore go either way.

This report develops an analytical framework that allows com-
parison of age and time effects on the practical measures described
above for valuing changes in mortality risks, as well as others found in
the theoretical literature.

Section II deals with the measurement of changes in risk. A variety
of measures are compared as inputs to the valuation process. This
results in a list of important “aspects of mortality” to be considered in
measuring risk. These determinants of the relation between risk and
exposure history include: latency; the stage at which damage becomes
irreversible; the “slope” of the dose-response relation; and interaction
with competing causes of death. These are represented in the best
practical measure of changes in risk: the change in an individual’s
lifetable. This table describes the individual’s total probability of
reaching any given age. Changes in the lifetables of different cohorts
allow us to identify both age and time effects.

Section III takes up the valuation of changes in risk. A model of
individual response to changing lifetables is developed, providing a
variety of measures that range from the theoretically correct “willing-
ness to pay” (WTP) to human capital. The connections between these
measures and procedures currently in use are examined and compared
for sensitivity to the “aspects of mortality” developed in Sec. II. In
addition, the role of attitudes toward time and risk is considered. The
main contribution of the section is the observation that health benefits
are jointly produced by government policies and private reactions.
This in turn implies that the benefits associated with a given policy are



critically affected by the extent to which individuals (a) wish to and (b)
are able to adjust their activities.

To place the results in perspective, Sec. IV contains a variety of case
studies. A computer model (documented in the appendix and available
on request) was used to examine the sensitivity of benefits measures to
a variety of assumptions. To highlight the issues considered in Secs. II
and III, this model was used to analyze policies designed to: (a) reduce
exposure to asbestos in schools; (b) reduce occupational exposure to
asbestos; and (c) reduce the lead content of gasoline. Both risk and
utility parameters are varied in the analysis, providing an indication of
the sensitivity of benefits measures. Hotly contested issues, such as
the appropriate rate of discount, appear to be much less important
than others that have almost escaped attention. Section IV also con-
tains a user’s guide to the computer model. It is hoped that “hands-
on” experience not only will emphasize the importance of the analysis
developed here but also will convince readers that current benefits
measurement practice can be improved substantially with relative ease.



II. MEASURING CHANGES IN RISK

For the purposes of this report, the analysis of changes in risk to life
resulting from policy actions may be divided into two steps. The policy
option must be translated into changes in the distribution of “doses” of
the hazardous substance across the affected population. Then this
change in dose is used to adjust the survival probabilities constituting
the lifetable.

FROM POLICY TO DOSE

Accurate forecasting of policy effects requires explicit or implicit
assumptions concerning a number of variables. The policies considered
here are designed to reduce exposure to particular chemicals, which we
refer to as hazards.

The first task is identification of the population whose exposure to
the hazard will be altered by policy. This includes both the target
population whose exposure will be reduced and other individuals who
may face increased exposure as a result of policy choices. Closure of
toxic waste facilities reduces exposure of nearby residents but increases
transport of wastes along public highways and thus increases the expo-
sure of motorists. Removal of asbestos from schools protects children
and teachers but may expose construction workers to drastically
elevated levels. This reallocation of risk may affect the age distribu-
tion of mortality. It may also raise complex aggregation and social wel-
fare issues if risk is shifted from those for whom exposure is involun-
tary to individuals whose informed choices influence their level of
exposure.

Changes in dose as a result of policy have a time dimension. The
affected population may be divided into birth cohorts, each of which
may face a different set of policy effects.

For each cohort, we must specify time profiles of exposure for the
policy situation and for the base case in which no policy action is
taken. Although it is conventional to describe risks in terms of con-
stant levels of exposure or cumulative exposure, it may make a great
deal of difference whether a given level of cumulative exposure is
acquired in constant doses or in sharp spikes. Consider an acutely
toxic hazard. If it is not accumulated in the body, natural defense sys-
tems will eliminate it if the level of exposure is sufficiently low. Thus
small but constant levels of exposure may be far less hazardous than
sporadic episodes of high exposure, even if total exposure is the same.
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In addition, many chemical effects depend qualitatively on the level
of exposure. Acute toxins also can act as carcinogens, teratogens, or
immunosuppressors at low, chronic doses. The analysis of risk should
take account of all mechanisms for producing health damage. Peak
and cumulative exposures may thus have entirely different risk charac-
teristics.

Cumulative exposure may not be the relevant variable for assessing
risk. Although one can estimate risk as a function of cumulative expo-
sure, the relation is valid only for populations whose exposure history
is similar to that of the test population. In particular, one must be
careful when extrapolating data obtained at constant levels of exposure
to policy situations where exposure will change over time.

Finally, it is important to account for individual reactions to infor-
mation about exposure to hazards. Policy actions often are publicized,
and reaction to that publicity may profoundly affect levels of exposure,
over and above the direct effects of policy. Such reactions may either
decrease or increase exposure: There is at least casual evidence that
publicity about the hazards of ashestos caused “panic” removals that
greatly increased levels of exposure before a final policy was chosen. If
possible, even base case risk estimates should reflect the actions of
private parties. For instance, the benefits of removing lead from gaso-
line should reflect declining lead use associated with existing laws and
aging of the stock of automobiles that still require leaded gasoline.

However, the purpose of this study is not to repeat Regulatory
Impact Analyses that have already been performed but only to indicate
the sensitivity of risk estimates to issues of age and time. For that rea-
son, the impact of compliance and response to information on level of
risk has been ignored.

FROM DOSE TO RESPONSE

In specifying dose-response relations suitable for policy analysis, it is
often necessary to go beyond the data available from scientific work.
Here, “scientific work” includes, .all sources of information: epi-
demiology, animal studies, in vitro tests, etc.

Different exposure patterns and levels, species differences, and
interactions with other hazards or preexisting health conditions all
limit the applicability of known risk relations. In addition, much pub-
lished work suffers from data limitations: detailed exposure histories
are rarely available; diagnosis may occur at different stages during the
progress of disease; diagnoses may be uncertain; and mortality rates
may be very responsive to the timing and accuracy of diagnosis. These



limitations mean that a purely probabilistic view of health risks is
likely to provide an inaccurate picture of actual risks.

This is illustrated by the case of lead in gasoline. The mortality risk
of leaded gasoline appears to stem from a nonspecific hypertensive
action. Exposure to lead raises blood pressure. Higher blood pressure
leads to higher risk of death. A detailed risk analysis would require a
dynamic description of a population’s blood pressure profile over time.
Increased exposure to lead would promptly shift this profile upward.
However, this does not mean that it would stay high. For the sake of
argument, divide blood pressure readings into three ranges: a “very
high” range in which the risk of death is substantial, and where pallia-
tive measures are unlikely to increase survival significantly; a “high”
range where immediate risk of mortality is high enough to be worri-
some but low enough to respond to exercise, diet, and medication; and
a “moderate” range for which risk of death is low enough that individu-
als typically will not change their behavior. If the behavioral response
to medical warnings of hypertension is sufficiently strong, increased
mortality among those whom exposure to lead moves into the very high
region may be more than offset by decreased . mortality among those
who suddenly find themselves in the high region and respond by trying
to reduce their blood pressure.

Similar considerations apply to data on cancer risks. For example,
it may be that the very high rate of mesothelioma mortality is at least
partially due to its rarity, which delays and often confounds diagnosis.
These delays are likely to decrease as individuals become more aware
of the medical significance of exposure to asbestos, and mortality rates
may decline.

Another important limitation of empirical dose-response relations is
that they often use inappropriate measures of response. What is
important for policy analysis is what affects human welfare. This
report concentrates on mortality but even this does not allow immedi-
ate use of data on lifetime excess probability of death from cancer,
total tumor incidence, and the like. We need to compute changes in
probabilities of death at every age. Increased time between exposure
and resulting mortality may be as valuable as decreases in the lifetime
risk of mortality from that cause.

_Conventionally, policy analysis has borne the brunt of this incom-
patibility of information. Policy benefits have been measured in terms
of “lives saved” or “deaths avoided” despite the obviously misleading
nature of these terms. Although we may disagree on the relative value
of different lives, it seems unarguable that a policy that prolongs a
given individual’s life by five years is better than one that prolongs the
same individual’s life by one year. This difference cannot be reflected



in simple bean-counting measures. To do better, we must measure
changing health risks in terms of changes to individual lifetables.

ASPECTS OF MORTALITY

The way we react to health risks is constrained by the way we evalu-
ate them. The model developed below evaluates risk in a highly sim-
plified way. Individuals are concerned only with changes in their
lifetables, which they treat as exogenous. The aspects of mortality that
affect the computation of lifetables are:

Latency;

Stage;

Mode;

Time power; »
Dose responsiveness; and
Interactions.

RGN S e

Latency is the minimum time between exposure and consequent
mortality. It may be long or short, deterministic or random. It may
vary with exposure level or the age of the affected individual. It may
even vary with previous or subsequent exposure history. In the case
studies reported below, latency is treated as a fixed period independent
of age or exposure history.

The latency period may be further subdivided into the time required
for irreversible health effects and that required for the disease to cause
death. This subdivision is reflected in the stage variable. In carcino-
genesis a normal cell is transformed into a metastatic neoplasm capa-
ble of causing death; this may take considerable time. The dynamics of
each stage may be different, and sophisticated multistage models have
been constructed. This report uses a simplified description. The
latency period is divided into two intervals: an initial period during
which transformation is reversible, and a subsequent period during
which the individual is certainly dying. The length of the initial period
is referred to as the stage. As @ rough approximation, it may be
thought of. as the time taken to cause the health effects, whereas the
remainder of the latency period reflects the time required to detect
health effects.!

1This can be extended to account for changes in survival rates, by dividing latency
into: (i) the time needed to induce health effects; (ii) the time needed to diagnose health
effects; and (iii) the time between diagnosis and death. Each of these is the mean value
of a random variable, and the accuracy of risk assessment could be increased by modeling
the relations between the time intervals; in this way, more rapid diagnosis (a decrease in
interval (ii) may increase the overall latency (or survival) period.



The term mode relates the time pattern of exposure to consequent
mortality. It describes the interaction of exposures at different periods
of time. Exposures may be independent if a hazard is rapidly elim-
inated from the body (acute mode). This seems to be the case with
lead in gasoline: Although heavy metals concentrate in some body tis-
sues, evidence suggests that hypertensive effects reflect lead in the
blood, which responds quickly to ambient lead levels. At the other
extreme are hazards that increase through bioconcentration; pesticides
such as DDT, heavy metals like mercury, and radioactive substances
such as strontium-90. These hazards have a cumulative mode of
action. This does not imply that risk is simply a function of cumula-
tive dose. For instance, the total flux of ionizing radiation to which
genetic material is exposed has a nonlinear effect on risk. There are
also threshold levels below which no long-term threat to life can be
identified. For radioactive substances with a short half-life (like the
iodine-37 released during the Chernobyl incident), the total flux of
radiation is itself a nonlinear function of exposure history, with recent
exposures counting more heavily.

Another aspect of mortality subsumed in mode concerns the way
increased risk of death is assessed. If a hazard is associated with a
cause of death that can be induced in other ways, it is common to
measure risks in relative terms. The increased risk of lung cancer
associated with exposure to asbestos is assessed in this way: The
dose-response relation provides a risk factor by which the normal
incidence of mortality from lung cancer is multiplied. This sharply
portrays the age effect but rests on the implicit assumption that there
is no difference between lung cancers induced by different causes.
Clearly, this approach requires incidence data. Otherwise, it is neces-
sary to use absolute risk models that translate exposure patterns into
incidence patterns directly.

The relation between observed exposure and observed mortality may
be represented by the black box diagram of Fig. 1. The relative impor-
tance of the elements inside the black box reflects the state of scien-
tific knowledge. The “specific to hazard” portion represents an ana-
lytic risk-assessment model fitted to the policy situation. The “specific
to disease” part uses statistical data about the incidence of particular
causes of death. Deficiencies in the hazard-specific model can be par-
tially remedied by monotone combination with the disease-specific
model. The relative risk model is one such combination. The absolute
~ risk model, which uses only analytic data, is appropriate if the hazard-
specific model fully reflects all deterministic elements of the situation,
or if adequate incidence data are absent..



Specific to hazard

Exposure ———pp Specific to disease ——  Mortality

Joint or random

Fig. 1—Black box model of risk assessment

The time power variable attempts to capture some of the variability
of cumulative hazards. Health risks associated with early exposure to
some hazards diminish as time goes on, whereas others increase. In
the asbestos case study presented below, two causes of death are identi-
fied that show distinctly different patterns. The risk of lung cancer
associated with a given exposure to asbestos appears to be constant
after the expiration of the latency period. On the other hand, the risk
of mesothelioma associated with the same exposure to asbestos
increases exponentially with time since exposure.

The dose-responsiveness variable transforms units of exposure into
units of risk. If the previous variables provide a measure of exposure,
dose responsiveness is the slope of the relation between exposure and
risk. There are certainly situations in which this level of description is
inadequate. Hazards that possess a threshold or safe exposure level
have a dose responsiveness that is zero below the threshold and posi-
tive above it. Dose-response curves may turn around. Chemotherapy
agents that improve survival at low doses impair it at high doses,
whereas immunosuppressors (such as aldicarb) may have negative dose
responsiveness at low doses. For the purposes1 of this study, dose
responsivepess is treated as a constant: We assume that risk is a
linear function of effective exposure? and that there is no safe thresh-
old.

Interactions is a catch-all term, including: synergistic effects with
other environmental hazards; interaction with behavior and preexisting

2For the asbestos cases, effective exposure is the exposure level. For the leaded gaso-
line case, effective exposure is the natural logarithm of exposure, since clinical evidence
suggests a logistic dose-response relation.



10

health conditions; and the extent to which survivors of a particular
cause of death may be at increased risk from other causes of death.
For instance, there is strong evidence that smoking and asbestos are
strongly synergistic in the induction of lung cancer, but this does not
seem to be true of mesothelioma. This synergy suggests that asbestos
is a late-stage inducer of lung cancer, since the most plausible explana-
tion is that smoking knocks out the cilia that would otherwise remove
asbestos fibers from the lungs and thus increases the mean contact
time between fibers and alveolar cells.

In the case of lead in gasoline, sustained episodes of high blood pres-
sure may impair the survival of individuals even if they do not die
promptly of the most obvious causes (strokes and myocardial infarc-
tions). This suggests that there are other benefits to reducing lead in
gasoline over and above reductions in direct mortality. -

This study largely ignores interactive effects. In part, this reflects
the underlying assumptions used to construct lifetables. Multiple-
decrement lifetables treat all causes of death as statistically indepen-
dent and attribute each death to a unique cause. It is possible to take
account of identified interactive effects by using lifetables computed for
specific subpopulations. In the case of asbestos, distinct lifetables and
dose-response relations have been computed for males, females, smok-
ers, and nonsmokers. This has obvious limitations when applied to a .
large and diverse population or to one whose exposure to interacting
hazards is unknown.

Numerical evidence concerning these aspects of mortality is not very
strong. Estimates often are prepared by combining many different
types of data. In addition, it is sometimes difficult to distinguish
between different models of the same phenomenon. For example, the
mesothelioma mortality data can be fit using a long latency and a high
time power or a short latency and a low time power. To my
knowledge, no researcher has attempted a maximum-likelihood simul-
taneous estimation of all relevant parameters of a general dose-
response relation. Small differences from the estimation point of view
may have a large impact on projected policy benefits. )

This can be seen clearly in the asbestos in schools case. Most avail-
able scientific evidence on human beings reflects occupational expo-
sure. This is an inaccurate reflection of the situation facing exposed
schoolchildren. As the asbestos in schools ages, students face increas-
ing rather than constant levels of exposure. They transpire relatively
greater volumes of air and may be more sensitive to given levels of
exposure. Most importantly, they are young enough to face substantial
mesothelioma risk before other causes of death become important. For
these children, the true value of the time power can be discerned only
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after lengthy follow-up. Individuals whose exposure was primarily
occupational are less likely to be alive 40 years later than those
exposed in schools. If they are already dead they.cannot be killed by
mesothelioma.

THE RISK-ASSESSMENT MODEL

This section describes the generalized dose-response relation used in
the case studies and the computer model and describes the procedure
used to adjust lifetables. )

The dependent variable is the excess risk factor, ER(t) which
describes the (absolute or relative) incremental risk of death at age ¢
In the absolute risk model, the excess risk factor is added to the base-
line risk of death. In the relative risk model, the normal incidence of
death from the disease associated with the hazard is multiplied by the
excess risk factor and the result added to baseline risk.

The independent variable is the exposure pattern e(s), describing
the individual’s exposure to the hazard at previous ages s. For compu-
tational simplicity, exposure is measured in effectiveness units with
respect to which the relation between ER(t) and a single e(s) is linear.
For the asbestos case, e(s) is measured in physical terms. For the lead
in gasoline case, a better fit was obtained using a logistic expression
relation ER (t) to the natural logarithm of blood lead levels.

Formally, the excess risk factor for an individual aged t is:

ER(t) = K f e(s)[t — o — s)ods, (1)

where to = the time when exposure begins;
L = the latency period;
o ¢ [0, L] = the stage—the time between exposure and irreversi-
ble damage;
a = the time power variable; and
K = the dose-response constant. ’

This model is adapted from the generalized carcinogenesis model
used to assess the risks of asbestos exposure [c.f. Nicholson, 1985). It
therefore requires adaptation to provide risk estimates for other
hazards and other causes of death.

In the case study of lead in gasoline, we follow the EPA Regulatory
Costs and Benefits of Reducing Lead in Gasoline Impact Analysis in
assuming that there is no appreciable latency period: L and ¢ are thus
set to O for this case. In addition, evidence suggests that blood lead
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adjusts rapidly to reflect changes in ambient levels, so that effects are
not cumulative. This implies that to = t. In addition, there are several
distinct steps linking lead in gasoline to mortality. Lead in gasoline
has a linear affect on blood lead levels. Diastolic blood pressure is
linear in the logarithm of blood lead, and excess risk of mortality from
acute myocardial infarction and stroke is approximately linear in dia-
stolic blood pressure. Therefore, for this case, Eq. (1) is replaced by:

ER(t) = C; + C2In(C3 + Cyeft)). 2

) Carcinogens may be associated with several types of cancer. This is

certainly the case with asbestos, which has been implicated in lung
cancer and mesothelioma, among other cancers. The parameters of the
model should be estimated separately for each cause of death as well as
for each hazard and the resulting excess risk factors used to adjust
lifetables.

Imperfections in analytic risk relations can be partially addressed by
incorporating vital statistics data on particular causes of disease. The
asbestos case studies reported below use such data to measure lung
cancer risk. We compute the excess risk factor for an exposed individ-
ual and express the expected incidence of lung cancer mortality via a
relative risk relation:

I(t) = Io(t)[1 + ER(2)], 3

where I(t) is the normal or background incidence of lung cancer mor-
tality for an unexposed individual of age t. The lead in gasoline study
also uses a relative risk model. However, in this case the baseline
cause-specific mortality rate incorporates the mean level of exposure.

For mesothelioma, we use an absolute risk model: Incidence is iden-
tified with the excess risk factor. This does not reflect confidence in
the accuracy of Eq. (1) so much as the absence of good mortality data.
In addition, since mesothelioma is almost uniquely associated with
asbestos exposure, the value of Io(t) would be 0, rendering Eq. (3) use-
less.

Once excess risks associated with a given pattern of exposure have
been identified, it remains to adjust the individual’s lifetable. We
denote by g(t) the unconditional probability of survival to age ¢ + 1.
We also use conditional survival probabilities: The probability that an
individual who has attained age t reaches age ¢t + 1 is denoted p(t). It
necessarily satisfies:

pt) = A or q) = pO) xp) x ... xP@). (&)
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The numbers p(t) and g(t) lie between 0 and 1, hence total survival
probabilities g(t) are monotonically decreasing in t. Although it is
usually the case that the p(t) decline as well, there is no reason why
this must be so. The vector ¢ = [g(0),... ,q(T)] is referred to as a
lifetable, where T is the maximum age: g(T') = 0.

The lifetable reflects vital statistics data. Loosely, g(t) is the
number of individuals of age t + 1 divided by the number of individu-
als born ¢ + 1 years ago. By the same token, the number of individu-
als dying at age t is [g(t — 1) — g(t)] multiplied by the number of
individuals born into that cohort. A change in the incidence of a par-
ticular cause of death can thus be translated into a change in the
number of individuals dying, allowing us to adjust the survivorship
probabilities.

The adjustment procedure reflects certain assumptions underlying
the computation of lifetables. Each cause of death is treated as an
independent random process, and each death is attributed to a unique
cause. These assumptions are obviously unrealistic but reflect data
limitations and provide fairly good approximations for small changes.

There are a variety of ways to construct cause-adjusted lifetables
. that reflect alterations in probabilities of death from specific causes.
The procedure outlined here uses multiple decrement lifetables that
allow construction of g(t) from incidence data on several independent
and competing causes of mortality. The modification of the lifetable to
reflect policy changes thus depends on the adjustment of cause-specific
mortality rates.

Let us denote by ug(t,c) the base case cause-specific mortality—the
probability that an individual reaching age ¢ dies of cause c, and by
no(t) the base case aggregate probability of death at age t conditional
on reaching age t. If policy reduces the mortality of cause ¢ condi-
tional on reaching age ¢ by b(t,c), the revised probability of dying of ¢
at t is:

pa(t,c) = 1 = po(t)lt = bltchmet.c) /ulen], (5)

Assuming that causes of death are independent, the analysis proceeds
by recalculating the lifetable to reflect the new total probability of
death.

To implement this procedure, we assume that the aggregate
lifetables obtained from U.S. vital statistics data reflect the experience
of an unexposed population. This introduces error into the results.
However, our goal is qualitative examination of age and time effects
and the illustration of a methodology rather than quantitative risk
assessment. In addition, we feel that errors resulting from this
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assumption and uncertainty about the parameters and form of the risk
assessment model are probably swamped by the bias involved in using
historical mortality data to reflect the survival prospects of current and
future generations. These historical errors are particularly important
as regards lung cancer and heart disease, where advancing medical
knowledge and changing behavioral patterns are already producing sub-
stantial alterations in mortality rates.

To analyze risks facing the target population, we compute lifetables
for two cases: a base case in which no policy action is taken and a pol-
icy case in which a specific abatement measure is pursued. Details of
these cases are given in Sec. IV. At this stage we merely point out that
the asbestos studies use .excess risk factors to increase the base case
lung cancer and mesothelioma mortality over that reported in the vital
statistics. For this reason, policy case lifetables still yield life expec-
tancies below those of the general population.

USES OF LIFETABLES

Data on changing risks are reported and used in many ways. As
mentioned above, one common procedure simply counts the reduction
in deaths attributed to a given cause. For a variety of reasons we feel
that this is inappropriate.

In the first place, it flies in the face of strong evidence that individu-
als value deaths at different ages in substantially different ways. For
instance, deaths of children are usually considered more tragic than
deaths of the elderly.

Second, such a measure gives no indication of the economic conse-
quences of mortality: It is impossible even to compute the change in
expected lifetime income without knowing whether individuals are
saved from death before or after their earning years have elapsed. In
addition, the medical cost of mortality may be affected. Death from
cancer is generally more expensive than death from heart attack, so
asbestos reduction (which reduces cancer deaths) may lower medical
costs, whereas lowered gasoline lead (which reduces heart attacks) may
increase them.

A third reason to avoid counting “deaths avoided” is that it provides
no guidance for selecting among the wide range of monetary values.
To be sure, the disparity between “values of life” often reflects sys-
tematic utility or procedural differences. However, some of the vari-
ance is related to observable characteristics of mortality risk not cap-
tured in “deaths avoided.”
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Finally, the “deaths avoided” measure ignores the extent to which
life is prolonged. A policy to provide infant seat restraints undoubtedly
secures more and higher-quality added years of life than an equally
expensive policy to improve dialysis facilities for patients with end-
stage renal disease. Regardless of how we feel about the ethical issues
involved, there is no justification for refusing to address them.

There are only two possible justifications for “deaths avoided.” If
the only question is the appropriate level of a given policy instrument,
and the only effect of changing levels is to alter the number who bene-
fit rather than the degree to which any individual benefits,? it is possi-
ble to confine attention to those numbers. Even so, the question of
which value of life to use cannot be avoided.

The other reason for estimating “deaths avoided” is its compelling
simplicity, which makes it useful in political debates. However, the
generally imprecise connection between “deaths avoided” and actual
benefits weakens the case for its use.

The change in lifetime probability of a fatal disease is simply a per-
capita version of deaths avoided. It has the virtue of generally being
computed from full lifetables. To compute lifetime risk one must com-
pute conditional risk at each age as well as modified survival probabili-
ties, whereas “deaths avoided” can be estimated directly from mortality
statistics without correcting for interactions.

The change in life expectancy or life-years also summarizes a
lifetable change in a single number. Mathematically, it is the area
under the survivorship function. If an individual changes from base
case lifetable go to a policy case lifetable g, at age ¢, the resulting
change in life-years is:

CLY(t) = [1/qo(t — 1)) i [g1(5) = go(s)]- ()

For a given hazard, this provides an accurate assessment of the
degree to which life is prolonged. Indeed, it is the best one-
dimensional measure of benefits that avoids putting a dollar value on
human life. It is insensitive to preferences, attitudes toward time and
risk, income levels, and other economic variables.* In addition, it may
not be adequate for comparing policies involving different hazards
because it does not identify the age at which lives are extended; given
go We can construct a series of widely different policy case lifetables,
q1, g2, etc., all of which give the same value of CLY (t).

3In this case, there is a one-to-one relation between “deaths avoided” and any other
measure of benefit.

4We are not saying that policy should necessarily take explicit account of income, for
example. All we are saying is that the measure of risk should not preclude the use of
such variables.



III. VALUATION OF CHANGES IN RISK

INTRODUCTION

This section discusses the dollar valuation of changes in lifetables.
There is an extensive literature on the subject, but attention here is
focused on those aspects of the problem that bear most directly on age
and time effects.! After some introductory remarks on the problem of
valuing risks to life, there is a more detailed analysis of the human
capital and willingness-to-pay approaches. This leads to a model of
optimal response to changing circumstances explicitly reflecting the
influence of age, time, and the timing and distribution of information
about policy actions.

For the purposes of this report, a human life is considered a durable
asset. It produces a variety of outputs: services of labor, enjoyment of
consumption, companionship, ideas, and so on. Some are fairly easy to
measure, since they pass through markets. The next subsection
discusses human capital; the expected present value of an individual’s
income, interpreted as a measure of the value of the individual’s labor
output, or as a proxy for the value of consumption goods.

The human capital approach has theoretical and practical limita-
tions. Expected income is usually a mixture of supply and demand fac-
tors, and it is difficult to disentangle them so as to measure output and
consumption values consistently. Moreover, income patterns may
respond to changing mortality, making it difficult to accurately infer
changes in human capital from observed income and survival risks.

Theoretical welfare economics provides a conceptually satisfactory
measure of value: willingness to pay (hereafter, WTP). This concept,
discussed below, generalizes the idea of consumer surplus. An
individual’'s WTP valuation of a change is measured by the minimum
amount of money he would accept in exchange for forgoing the change.
It is positive for those who gain and negative for those who lose. If
aggregate WTP is positive, it is theoretically possible for those who
gain to compensate those who lose and still be better off than before
the change.

The WTP approach rests on three ideas: individual sovereignty,

‘IExcellent summaries of this literature are provided by Linnerooth (1979), for exam-
ple, and other referenced works.

16
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efficiency, and the potential Pareto principle? The first holds that indi-
viduals are the best judges of their own interests, the second that
“market” outcomes are revealed Pareto optima,® and the third that
change is good if those who gain can afford to compensate those who
lose—whether or not compensation is paid. These assumptions form
the basis of applied benefit-cost analysis. It is by no means clear, how-
ever, that they are appropriate to the evaluation of mortality benefits,
even if we concentrate on those aspects of WTP that derive from
“rational” consumption activities.

In the first place, individuals making intertemporal consumption
decisions in the face of exogenous uncertainty may not act consistently
over time. This violates the individual sovereignty assumption unless
individuals at different ages are regarded as different people. If the
individual’s preferences and choices at different ages conflict, current
WTP loses its normative significance as an aggregate of the WTP of
all ages. This problem is well-known in dynamic programming and
macroeconomics but does not seem to have been explored in the WTP
setting. In particular, one can construct examples where state-
contingent transfers of income between an individual’s past and future
selves lead to higher expected utility in all periods. If the individual
does not select an efficient consumption path, it is difficult to sustain
the belief that decisions reveal preferences.

In the second place, future health and survival are not traded on
complete or perfectly competitive markets.! This removes the
presumption of efficiency, so market rates of interest may not be
appropriate for discounting future benefits. The point is that benefits
accrue over time but must be assessed at a single age. Both intertem-
poral inefficiency (whether interpersonal or collective) and inappropri-
ate discounting can frustrate accurate benefits estimation.

Finally, the potential Pareto criterion provides a partial and some-
times inconsistent ranking of alternatives. In one application of the
principle, policy B is socially preferred to policy A if those who prefer
B can afford to compensate the rest when B is chosen. Another
approach is to say that B is socially preferred to ‘A if those who prefer
A cannot afford to compensate tHose who prefer B when A is chosen.
The difference is whether B or A is chosen as the reference positien.
It may happen that B is socially preferred to A and vice versa or alter-
natively that neither alternative is socially preferred. These

2Sometimes called “revealed preference,” “perfect markets,” and the “compensation
principle,” respectively.

3Subject to policy constraints.

“Insurance and preventive medical care provide only partial opportunities for trade.
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possibilities are illustrated in Fig. 2 below, together with the even more
disturbing possibility that the potential Pareto criterion might recom-
mend Pareto inferior options.

Despite these limitations, WTP has gained wide theoretical accep-
tance. The practical problems involved in measuring WTP are also
quite severe. Particularly in matters of health and survival, it may be
difficult to determine how much of a measured amount is due to
uncontrolled but significant differences among individuals. It is also
hard to extrapolate measured WTP to policy situations.

In general, there are three ways in which WTP numbers are
obtained. Observed choices in risky situations can be given a WTP
interpretation.’ Other studies use contingent valuation methods in an
attempt to limit extrapolation problems. These two methods have
inherent limitations, so a third approach has been developed that uses
models of optimizing behavior to predict individual reactions to policy
changes. Such optimization models are most accurate when calibrated
by direct observation or contingent valuation but are limited to a por-
tion of the individual’s total WTP.

Section D contains an optimization model of individual WTP for
changes in health risk. It is based on similar models by Yaari (1965),
Cropper (1977), and Shephard and Zeckhauser (1982), among others.
In some ways it is a special case of those models: It ignores bequest
motives and assumes that individual rates of time preference and
interest rates are the same. In other ways it goes beyond those models
in portraying the impact of age and timing of information on individual
behavior.

Mortality benefits are a joint product. Objective changes in survival
probabilities are only one element. Another is individual information:
WTP is critically affected by the individual’s desire to rearrange con-
sumption. For example, the benefit to an individual of an extended
lifespan depends on foreknowledge of the change. Without fore-
knowledge, an individual would rationally make less provision for con-
sumption after retirement and would (according to the optimization
model) derive less happiness from the additional lifespan than one who
could plan ahead.

A third factor in the production of health benefits is the individual’s
ability to rearrange consumption through saving and trades on
insurance and futures markets. The availability of such markets
reflects collective information. When systematic information about the
longevity of individuals changes, so do the terms for borrowing against
future income or insuring future solvency. An individual facing an

5As exemplified by wage hedonics studies.
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extended lifespan who cannot credibly convey this information to oth-
ers may have a lower expected utility than one who remains ignorant
of the change.

The roles of individual and collective information are highlighted in
the model developed below. Some idea of the quantitative significance
of informational asymmetries® between policymakers and individuals
and between individuals and markets is provided in the case studies.

HUMAN CAPITAL

The human capital measure of mortality benefits is the change in
expected income. Income serves as a proxy for the market value of an
individual’s output, and also as a rough measure of the value of an
individual’s consumption, after correction for bequests given and
received. C

These interpretations are approximate. Individuals are certain to
receive the market value of their output only if they are marginal or
perfectly discriminating monopolistic suppliers of labor. Otherwise,
income payments may understate the market value of the worker’s out-
put.

On the other hand, market value may not reflect society’s opportu-
nity cost. In most cases, labor markets will adjust to compensate for
the death of an individual so that national income decreases by far less
than the amount that person would have earned had he survived. The
human capital computation of output value must be extended to the
entire labor force. Because other workers usually benefit from reduc-
tions in the labor force, this extended measure will usually be less than
the change in expected income for the target population.”

Another limitation is that income payments usually do not track
individual productivity over a lifetime. Differences between life-cycle
payments and actual productivity reflect a wide range of considera-
tions. Young workers may be paid more than their marginal product
to secure future services. Discrimination on the basis of age may con-
vey cost advantages if age is correlated with the ‘level or elasticity of
labor supply. In many cases, young workers are more elastic suppliers
of labor. Demand for new hires is greater for younger workers, and
costs of relocation and retraining are lower. In addition, implicit costs
of labor supply include expenditures such as housing, medical care, and

81t should be stressed that we do not consider individual or market responses that
alter objective mortality risks.
?’l‘his reflects the fact that human capital is usually measured on a partial equilibrium
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support of family members that vary with age. Income may include
rents to reputation and previous accomplishment or investment in an
uncertain stream of future accomplishments. Finally, policies affecting
mortality may have important spillover effects if they change the age
distribution of the labor force. For all these reasons, actual income
levels at any age are likely to be an amalgam of supply and demand
factors. Human capital as a proxy for the value of output should differ
from human capital used to measure the value of consumption. This
again points out a limitation in the method of calculation rather than
the underlying concept, since competitive forces should keep lifetime
income payments in line with both lifetime productivity and lifetime
expenditures. '

Income profiles also include some adjustment for risk, and job-
related risk may produce adaptive responses by employers. . Policies
that increase survival may reduce risk premia and displace private sec-
tor mitigation efforts. In principle, human capital should be adjusted
to reflect changes in nonpecuniary compensation and secondary
changes in objective risk levels.

Human capital measures generally center on earned income and
have been criticized for giving too little weight to mortality benefits
that accrue to persons outside the labor force (housewives, retirees, stu-
dents, unemployed persons). This can be corrected by careful compu-
tation. On the output side, techniques exist for imputing market value
to the services of indirect participants in the labor force and for
evaluating the expected future contribution of students and the unem-
ployed. On the consumption side, careful consideration of savings pat-
terns should account for the “consumption value” of nonparticipants.
These corrections have an obvious age dimension.

Human capital should reflect adjustments in labor markets; changes
in risk that affect life expectancy during the earning years will alter
wages, prices, and output levels throughout the economy. Society also
makes financial provision for health and mortality risks through pool-
ing arrangements such as health insurance. Changes in the lifetable of
one group of individuals will affect the financial condition of all indi-
viduals who are pooled with them. Moreover, changing needs for post-
retirement income directly affect labor supply.

Finally, policies affecting health and survival alter the demand for
the services of a wide range of professions: doctors, morticians, and so
on. Although many of these effects are secondary, it would be wrong
to ignore them entirely.

One more factor that directly influences age and time effects is the
choice of discount rate. An extensive literature discusses the appropri-
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ate social rate of discount. Current practice® stipulates uniform use of
a high and fixed real rate of discount (10 percent). Even if it were pos-
sible to guarantee a 10 percent real return on financial assets, it does
not follow that this is an appropriate rate at which to discount even
pecuniary health benefits.

The rate of return derives normative significance from interpreta-
tion as an equilibrium market-clearing price. It represents the rate at
which individuals are able to transfer money across time; if a complete
or spanning set of perfect markets is available, this will also be the
marginal rate of substitution between consumption at different points
in time. However, the existence of a policy problem is evidence of
market failure, so it cannot be assumed that current market rates
would prevail if a complete set of perfect markets existed. This is
doubly true of the artificial (i.e., nonmarket) fixed rate of discount
specified in the OMB circular. Even the social opportunity cost
interpretation of the rate of discount requires sensitivity to actual
transfer prices.

There is evidence that different policies, or different aspects of a
given policy, should be discounted at different rates.? Individuals
appear to use a different, higher discount rate for their own consump-
tion than they do for their children. In any case, the opportunity time
cost of resources must reflect the best feasible alternative and may
differ from policy to policy and from agency to agency.

The choice of a discount rate also has equity implications because it
affects the set of policies actually chosen. It thus alters the distribution
of benefits between present and future generations, between the youth
and age of each generation, and between more and less risk-averse
members of society. Although a fixed rate may impede certain kinds of
political misrepresentation, it cannot represent the social opportunity
cost of intertemporal transfers. Benefit-cost analysis requires an accu-
rate measurement of this cost.

5

8This refers to government practice as described in Office of Management and Budget
(OMB) circular 24-20. Dynamic programming procedures can be applied when future
income and prices are uncertain which do not require assumptions about future discount
rates.

9Unless the entire set of policies is chosen according to a consistent procedure, such
as the internal rate of return procedure described in Quirk and Terasawa (1987).



WILLINGNESS TO PAY

Theory

The simplest way to choose between competing policies is the so-
called Pareto or unanimity principle: If everyone prefers the same
alternative, it should be accepted. This is not useful for policy situa-
tions. In the unlikely event that a dominant alternative exists, its
selection hardly requires a policy decision.® Formally, the Pareto cri-
terion is incomplete, since most policies under consideration have

adherents who feel they would be worse off under any alternative.

" The WTP concept extends the Pareto criterion. As mentioned
above, it rests on individual sovereignty, efficiency, and the potential
Pareto principle. ,

Health benefits and costs typically accrue over long periods of time,
8o benefits and costs must be aggregated across time as well as across
individuals. In this context, individual sovereignty implies time con-
sistency. Current consumption plans determine utility at all future
ages, 80 current WTP is used as a fair aggregate of the WTP of all
future selves.

Consider an individual who chooses a consumption path at time 0.
To measure his current WTP for a lifetable change, we first determine
his “base value” (i.e., optimized lifetime expected utility using the origi-
nal lifetable). We next recompute the value as a function of current
income using the new lifetable. His WTP is the difference between his
current income and the income level that makes the new value equal to
the base value.

In each period where his actual consumption path diverges from the
optimized level implicit in the definition of value, his actual utility will
differ from the utility expected at time 0. This means that the value
function itself and the resulting WTP will differ. An observer able to
predict his actual consumption path would value a change differently
than he would at time 0.

More precisely, if time consistency fails there may be (state-
contingent) transfers that give all the individual’s selves higher lifetime
expected utilities. In other words, inconsistent consumption plans are
usually not intertemporally efficient. Time consistency gives an
intrapersonal dimension to the efficiency assumption.

To use the WTP criterion to choose between two alternatives, A and
B, we evaluate each person’s WTP to prevent a change from one pol-
icy, called the reference position, to another. Consider an individual

1%Although analysis may be needed to demonstrate that one alternative really is dom-
inant.



who prefers A to B. If A is the reference position, we measure the
amount he would pay to avoid changing from A to B. With B as the
reference position we measure the amount he would pay to change to
A. There is no reason for these numbers to be equal, so the choice of
reference position may affect the aggregate measure of benefits.

According to the WTP criterion, society should choose A if the
aggregate WTP for avoiding a change to B is positive. Roughly, those
who gain by A can afford to compensate those who prefer B in such a
way that everyone is made better off.

Figure 2 shows a variety of possibilities for a two-person society.
Actual welfare distributions under two policy alternatives are labelled
A and B, respectively. The curve through an alternative represents
distributions of welfare obtained by money transfers if that alternative
is chosen. It is important to recognize that these transfers will not
actually take place. If the policy change is accompanied by a system of
transfers, the potential Pareto principle can be replaced by the Pareto
principle, and society should adopt only those policies that make every-
one better off.

Figure 2a shows the “usual” situation. A should be adopted, since
there is an outcome A’ attainable by compensation which is unani-
mously preferred to B, but there is no outcome B’ obtainable by com-
pensation if B is adopted that is unanimously preferred to A.

If compensation surfaces cross, the WTP criterion may be ambig-
uous. This is an exceptional situation as regards redistribution of
market commodities, but crossings are likely when policy affects things
like health that cannot be purchased directly. Choice in these situa-
tions is determined by the reference position.

In Fig. 2b, the reference position is always selected. For example, if
A is the reference position, there is an alternative A’ that dominates B;
this says that aggregate WTP to remain at (or change to) A is positive.
By the same token, if B is the reference position there is an outcome
B’ that dominates A; so aggregate WTP to change to (or remain at) B
is also positive. .

In Fig. 2c the situation is reversed, and the .alternative is always
compensation-preferred to the reference position.

The situations in Figs. 2a-2c all satisfy the underlying assumptions
of the WTP procedure. If these assumptions fail, the situation shown
in Fig. 2d can arise. The compensation outcome A’ is better for every-
one than B, even though B is unanimously preferred to A. Under
these circumstances, we would do well to choose B using the Pareto
principle (it makes everyone better off) and ignore WTP.

Real policy choices may reflect a mixture of these problems. Careful
modelling can limit the extent to which inefficiency casts doubt on the
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Uy Uy
(a) A preferred to B {b) Both preferred
Uz Uz
B
A
A
Uy Uy
{c) Neither preferred (d) Conflict with Pareto principle

Fig. 2—Application of the WTP criterion

WTP procedure, but models must reflect actual behavior if anticipated
benefits are to be realized.

Applications of benefit-cost analysis usually consider only two alter-
natives; the status quo and a proposed policy. Willingness to pay to
avoid moving to the proposed policy (negative for those who prefer the
proposed alternative) is referred to as “willingness to accept” or
equivalent surplus. Willingness to pay to change to the policy alterna-
tive is called compensating surplus.!!

Aggregate net benefits typically sum individual WTP without
correcting for market effects. This clearly distorts the results. Each
individual’s WTP reflects both policy effects and the existing distribu-
tion of income. If compensation were paid, the income distribution

1“Equivalent surplus” implies that the proposed policy is the reference position;
“compensating surplus” implies that the reference position is the status quo ante.



would change, affecting prices and through them the realized distribu-
tion of utility. In principle, aggregate WTP should be computed as the
solution to a general equilibrium system. In practice, however, these
redistributive effects may be of secondary importance.

The model presented below concentrates on the individual and
ignores general equilibrium concerns. However, it can be extended to
the more general situation without essential modification.

WTP is utility-based, so its application entails inference about indi-
vidual utility functions. This may reflect observed behavior or direct
questioning. Such inference invariably involves extrapolation from
measurement to policy situations.

As Schelling points out, WTP is most useful when applied to choices
that do not involve the certain death of named individuals. Expected
utility maximization may be a good approximation to human behavior
within certain limits but does not perform well in extreme situations.
For this reason, WTP is usually measured in terms of small changes in "
risk. Even if some deaths are inevitable, it is customary to spread risks
evenly over the affected population.

Measurement

The three principal ways of estimating individual valuations of
changing survival probabilities are observed behavior, contingent valua-
tion, and indirect use of observed behavior or contingent valuations
together with models of individual optimization. -

When wage premia are used to measure WTP for reductions in risk,
it is necessary to correct for differences in attitudes toward risk and
perceptions of risk between the observed and the policy situation.
Choosing risky employment is an active step that increases risk. Being
affected by policy is passive and ought to involve a decrease in risk.
Experiments have convincingly shown that differences between active
and passive risk and differences between increases and (equivalent)
decreases in risk profoundly affect both valuation and behavior. Indi-
viduals show much higher tolerance for risks that they feel they can
affect than for those they cannot., In experiments, individuals act ina
risk-averse manner when offered uncertain gains (decreases in risk) but
switch to risk-seeking behavior when confronted with equivalent uncer-
tain losses (increases in risk). Both factors suggest that wage premium
studies may understate individual WTP for risk reductions.

Job choice and other forms of risky activity often have substantial
selectivity bias, so the observed population may be very different from
the group affected by policy. Those who gravitate to risky employment
are likely to have substantially higher risk tolerance, systematic
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underestimates of actual risks, or less attractive alternative employ-
ment opportunities than the general population. In addition, voluntary
risk often offers psychological or social rewards that may be absent
from environmental risk. The importance of these psychological fac-
tors is highly dependent on age and also has a calendar time dimension
through changing social attitudes toward different types of risk.

" Similar comments apply to contingent valuation; there may be a
great difference between a hypothetical situation and a real decision.
Well-designed contingent valuation experiments may bear a greater
resemblance!? to policy situations than job choices do, but ethical con-
siderations ensure that risks are entirely hypothetical.

In practice, wage-risk and contingent valuation studies do appear to
give broadly consistent measures of individual WTP, so the cognitive
problems raised here may not be of great practical significance.

If responses are seen as affecting policy as in direct contingent
valuation procedures, or mechanisms like the Tacoma experiment, in
which individuals were asked to collectively evaluate a policy decision
affecting both physical and economic welfare, may fail to elicit honest
judgments. Such a procedure uses a political analog of a market. This
creates an environment where implicit transfers are possible and in
principle reduces distributional questions to a simple matter of effi-
ciency. In some cases, direct contingent valuation may “complete” the
set of markets. However, it may be impossible to devise adequate pro-
cedures for policies that substantially affect future generations.

Theoretical models have been used to simplify WTP measurements
by connecting observable characteristics of individual behavior and
underlying preferences. Typically, they use individual optimization.
For instance, consumer surplus reflects individual demand functions.
Recent studies have developed techniques for “recovering” utility func-
tions from observed demand behavior. Once utility functions have
been established, the measurement of WTP is straightforward. For
nonmarket items, market data must be interpreted in terms of an
underlying hedonic utility function, and careful analysis is required to
isolate those aspects of observed choices that reflect changes in risk.

These models are best used to extrapolate results obtained by other
methods to policy situations. The parameters should be calibrated to
the affected population before WTP is computed. In this way, such
models can guide the design of future direct observation and contingent
valuation studies, allow pooling a variety of studies, and reduce the
inaccuracies involved in extrapolation to policy situations.

12The scenarios can be designed to present realistic ranges and distributions of risk,
and participants can be selected to represent the affected population.
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A FORMAL MODEL OF OPTIMAL CHOICE

The model developed in this subsection is based on models
developed by Yaari (1965), Shephard and Zeckhauser (1982), and
Cropper (1977). It measures the WTP of an individual for a specific
change in his lifetable. After introducing the notation, we derive the
individual’s optimal consumption paths for several situations. In par-
ticular, futures and insurance markets may be present or absent, and
the individual may be time consistent or time inconsistent. Then the
related problems of time inconsistency and timing of information are
discussed. The subsection concludes with a series of benefit formulas.

The individual is assumed to reallocate income over time to maxi-
mize utility. This allows computation of WTP, since it establishes a
connection between income transfers at any age and subsequent optim-
ized lifetime utility. The variables used in the formal presentation are
given in Table 1.

Table 1
VARIABLES IN THE MODEL
Formal
Variable Verbal Definition Definition
A Present value (at ¢ = 0) of income if survival is assured (21)
A(t) Present value of income until age ¢ (8)
c(t) Consumption at age ¢; ¢ = [c(0),...,c(T)] -
C(t,c) Present value at age ¢ of consumption path ¢ 9
D(t,q) Discounted life expectancy at age ¢ (22)
8 Discount factor; 8 = 1/(1 + r) (r is the interest rate) —
A(t) Relative discounted life expectancy (23)
¥(q) Annuity planned at t = 0 (25)
H(t,q) Expected future income as of age ¢ (27)
e(t) Relative risk-adjusted life expectancy (28)
I(t) Income at age t; I = {I(0), ..., I(T)] -
J(t,q) Robinson Crusoe income stream equivalent to perfect markets I(t) (20)
P Compensation payment at age ¢ -
q(t) Probability of survival to age t + 1; ¢ = [§(0), ..., q(T)] -
q*(t) Risk-adjusted relative survival ! (29)
¥(t,q) Normalized risk-adjusted life expectancy (30)
R(t,q) Risk-adjusted discounted life expectancy (31)
T Maximum lifespan -
Ule) Indirect utility of current consumption ¢ -
Vic;t,q)  Expected utility of consumption plan c at age ¢ and lifetable ¢ (7
V*(t,q,P) Optimized utility at age ¢ and lifetable g with compensation P P.33
Wi(t,q) Maximum wealth available at age t; W ~ (W(0,9), . .., W(T,q)} P.28

W(t,c,q) Wealth available at age ¢ if consumption path ¢ is followed P.29




The maximum lifespan,'® income stream, discount factor, and
indirect utility function are assumed to be common knowledge.* Con-
sumption in every period is represented by a simple dollar amount. If
prices are fixed and exogenous, this is equivalent to a model in which
individuals consume bundles of goods at every age.

The lifetable g is given in terms of unconditional survival probabili-
ties. We assume that these probabilities are unaffected by individual
choices, i.e., no individual mitigation is possible. The consumption
stream c is feasible if c(t) < W(t,q) for every age t. The expected util-
ity associated with a feasible consumption stream c as of age ¢ is
denoted by V(c;¢) and defined by:

Viest,q) - i[q(s)/q(t)la'-'U(c(s)). @

Budget Constraints

The individual chooses a consumption path to maximize expected
utility subject to a budget constraint. The objective function reflects
the individual’s information about the lifetable, whereas the budget
constraint represents the market’s view of the individual’s lifetable.
We consider two extreme possibilities for market information:

o A perfect markets [PM] case—the individual’s lifetable is com-
mon knowledge, allowing unrestricted access to perfect futures
and insurance markets; and

e A Robinson Crusoe [RC) case—the individual is unable to credi-
bly inform the market of his lifetable and thus has no access to
futures or insurance markets.

In both cases the individual can save for the future at the going rate
of interest. This division of cases is not original but the interpretation
in terms of collective information is.

The Robinson Crusoe constraint guarantees solvency, since the indi-
vidual cannot spend future income. The perfect markets constraint
allows insolvency, since the individual might borrow against future
income and die before paying back the loan. The formal constraint we
use requires that the individual’s current consumption not exceed the
sum of current wealth and expected future income in any period. A

13Formally, the model does not require a maximum lifespan; all the equations can be
rewritten with T = =, However, a finite maximum simplifies the computer model.

147 quantity is common knowledge if and only if it is known to everyone, known to
be known to everyone, . . . ad infinitum.



more stringent version would require that the individual’s current and
expected future consumption not exceed the sum of current wealth and
expected future income in any period. Even this constraint does not
ensure solvency.

If solvency is required at every period, the individual is essentially
reduced to the Robinson Crusoe case with an altered income stream.
In this case, it is known that decisions are time consistent. However,
an a priori solvency constraint does not seem particularly realistic;
expected solvency is as much as one could hope for at the individual
level.

The wealth available to an individual at age t who has followed con-
sumption path ¢ until age ¢ - 1 and who has lifetable ¢ is denoted
W(t,c,q). It is composed of one or two separate terms. In the Robin-
son Crusoe [R] case, W(t,c,q) = A(t) — C(t,c), which is the present
value of the individual’s savings out of previous and current income:

At) - éo 5 -tI(s); ®)
t-1
C(t,c) = 206"‘c(s). 9)

In the perfect markets case, W(t,c,q) = A(t) — C(t,c) + H(t,q),
where H(t,q) is the amount that can be borrowed against future
income:

H(t,q) =~ 3 la(s)/q(e)]#-t1(s). (10)

s=t+1

Time Consistency

The other important feature of the individual’s optimization is his
time consistency. Time inconsistency arises when the individual optim-
izes as though he had the power to precommit himself to a consump-
tion stream. If the solvency constraints are not binding, such an indi-
vidual will choose a consumption path that makes his marginal utility
of consumption the same in every period. This amounts to a constant
annuity that divides the present expected value of income evenly over
the discounted life expectancy. In practice, such an individual will
wish to recontract in every period but may be unable to do so. A
time-consistent individual will take account of his future selves’ free-
dom of choice and will maximize his utility using a dynamic program-
ming or “backwards induction” technique. Such an individual will
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choose a consumption path with the property that the expected margi-
nal utility of consumption is the same in every period.
In what follows, we refer to these cases as:

e The fixed annuity [FA] case—the individual performs a time-
inconsistent optimization at time 0 and never reoptimizes
unless his information changes;

® The adjustable annuity [AA] case—-the individual performs a
time-inconsistent optimization at every period; and

® The time-consistent [TC] case—the individual chooses a time-
consistent consumption path.

It should be noted that a time-consistent individual will never need
to reoptimize.

Formally, the fixed annuity case corresponds to picking a consump-
tion path ¢(0), . . .c(T') to maximize V(c,0,q) subject to:

ﬁo dae(t) = WO,c,q). an

The left-hand side represents the expected cost of the (not necessarily
constant) annuity purchased at age 0, and the right-hand side is the
individual’s wealth.

The adjustable annuity consumption at age t is the first term in a
consumption stream c(t),. . .,c(T) chosen to maximize V(c,t,q) sub-
ject to:

T
2 0'~t(gs /qc)e(t) < W(t,c,q). (12)
The time-consistent consumption plan is derived by maxxmmng
V(c,0,q) subject to:
c(t) = W(t,c,q) for all ¢. (13)

This solution can be phrased in other ways that emphasize the
implicit game between the individual and his future selves, but this for-
mulation will do for our present purposes.

Optimal Consumption Streams

The optimization problem at age t reflects current wealth, the
expected lifetable, and access to futures and insurance markets.

For the time-inconsistent (fixed or adjustable annuity) cases, the
first-order conditions assuming solvency can be written:
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Ule(s)) = A (14)

where A is the shadow price of additional income evaluated at the
optimization date. Assuming concave indirect utility, this amounts to a
constant consumption level, which can be found from the budget con-
straint. It is trivial to observe that this consumption path is unique.

For the time-consistent case, the first-order condition for consump-
tion at age ¢t can be written:

IO () - .ﬁt A, (15)

where ), is the shadow price of solvency at age s. For this case,
uniqueness of the optimal consumption path follows from the observa-
tion that c(t) is strictly decreasing in each ), such that ¢t < s.

With a completely general income stream, the solvency constraint
may be binding in several periods. If it binds in every period the per-
fect markets consumption will be:

T
I1(0) + ‘zl 3q(s)I(s) fort =0 (16)
c®) =1a - q) (@), for t = 0.

In the Robinson Crusoe case an individual constrained in every period
will consume exactly his current income:

c(t) = I(2). 17)

For such an individual there is clearly no difference between the
time-inconsistent (fixed or adjustable annuity) and time-consistent
consumption paths.

If the solvency constraint holds only for an arbitrary set S of ages,
individuals will consume the smaller of the (fixed or adjustable annuity
or time-consistent) optimal amount and current wealth.

A numerical example will be used to illustrate these optimal con-
sumption profiles. For this example, utility is the natural logarithm of
consumption. The individual lives for 10 “periods” and discounts the
future at 10 percent. His income profile and lifetable are given in
Table 2.

Table 3 shows the wealth and consumption streams for six situa-
tions. WP and CP are perfect markets weaith and consumption,
respectively, and WR and CR are their Robinson Crusoe counterparts.

The optimized lifetime utilities corresponding to the six scenarios
are shown in Table 4 in decreasing order.



Table 2
EXAMPLE OF INCOME PROFILE

AND LIFETABLE
Age Income Lifetabie
0 10 1.00
1 20 0.95
2 20 0.90
3 50 0.85
4 100 0.75
5 200 0.60
6 500 0.55
7 450 0.50
8 400 0.45
9 100 0.30
10 100 0.10
Table 3

OPTIMAL WEALTH AND CONSUMPTION PATHS

Fixed Annuity Adjustable Annuity Time Consistent

Age Wealth Consumption Wealth Consumption Wealth Consumption
I. Perfect Markets

0 571 113 571 113 571 208
1 537 113 537 114 432 189
2 505 113 504 117 305 174
3 478 113 472 122 191 162
4 516 113 499 140 146 146
5 683 113 634 180 239 147
6 727 113 600 197 202 131
7 753 113 519 211 154 118
8 752 113 387 216 87 87
9 747 113 231 178 43 43
10 764 113 126 126 67 67
II. Robinson Crusoe
0 10 10 10 10 10 10
1 20 20 20 20 20 20
2 20 20 20 20 20 20
3 50 50 50 50 50 50
4 100 100 100 100 100 100
5 200 113 200 200 200 200
6 596 113 500 500 500 467
7 982 113 450 450 486 419
8 1356 113 400 400 473 374
9 1468 113 100 100 208 208
10 1591 113 100 100 100 100




Table 4
OPTIMIZED LIFETIME UTILITIES

Type Markets Utility
Adjustable annuity Perfect 35.47
Time-consistent Perfect 35.19
Fixed annuity Perfect 33.75

Time-consistent Robinson Crusoe 30.25
Adjustable annuity Robinson Crusoe 30.04
Fixed annuity Robinson Crusoe 27.64

Benefits Measures

The previous subsection discussed the derivation of an individual’s
optimal consumption plan from assumptions about his access to mar-
kets (perfect or Robinson Crusoe) and optimization stance (fixed or
adjustable annuity, time consistent). The measurement of monetary
benefits requires some additional specifications. In particular, we must
describe:

e The measurement procedure;
o The age at which benefits are to be measured; and
o The age at which the individual learns of the change.

With the exception of the human capital measure, which is insensi-
tive to individual preferences and decisions, benefits are measured by
comparing optimized utilities using the new and old lifetables. To
facilitate the discussion, we denote by V*(t,q,P) the optimized
expected present value of utility for an individual of age ¢t with lifetable
g who receives a cash payment (positive or negative) of P. Moreover,
let ¢%q!) be the “old” (“new”) lifetable.

Willingness to pay or compensating surplus is the largest decrement
to current income that an individual with the new lifetable would
suffer before preferring the old lifetable. In symbols, WTP is defined
by: 1

V*(t’qo)o) = V*(tsqlv_WTP )- (18)

By contrast, willingness to accept (WTA) or equivalent surplus is the
smallest increment to current income that an individual would accept
in lieu of the new lifetable:

V‘(taqosWTA) = V*(t!qlro)' (19)



The optimal value functions V also reflect the individual’s access to
markets, optimization stance, age, timing of information, and so on.

Applying the envelope theorem to the optimized Lagrangians gives
the impact of a change in survival at any future age s on the optimal
value at age t. It is approximately the present expected value (at age
t) of utility from age s onward divided by the marginal survival rate at
s. The marginal dollar value of increased survival is this derivative
divided by the optimal value of the Lagrange multiplier for the current
income constraint. The “value-of-life” benefits measure for a finite
lifetable change is obtained by multiplying such a coefficient by the
change in life-years associated with the policy change. The approxima-
tion of true WTP is not very good if the change in lifetables is sub-
stantial or if survival is affected at more than one age, since there is
one such coefficient for every future age. The computer model uses a
further simplification to avoid this ambiguity; the value-of-life coeffi-
cient is the optimal value under the reference lifetable divided by the
product of the reference life expectancy and the optimal Lagrange mul-
tiplier.

The age at which benefits are measured will affect measured benefits
if individuals select time-inconsistent (annuity) plans. The computer
model allows two options: a fixed age (30 years) or the age at which
the policy change takes affect.

The Timing of Information

WTP may be measured and a policy decided well in advance of any
change in lifetables. In addition, people may not always recognize
change when it occurs. Such issues of timing can be of critical impor-
tance to WTP. The case studies consider three extreme cases. The
perfect-foresight scenario describes an individual who is able to predict
a change in lifetables perfectly. This individual will follow the correct
consumption plan from birth. It is appropriate to assessing the WTP
of unborn generations. In the imperfect-foresight scenario, the person
learns of the changing lifetable at the policy date. For many currently
living members of the affected population, such information may be
long delayed, so we also examine a no-foresight scenario in which the
individual is never informed.

As with time consistency, it is the joint product nature of health
benefits that forces consideration of these divergent possibilities. The
WTP of those who are able to plan for a change in circumstances may
differ from the WTP of those who are surprised, or those who never
learn. The later in life one learns of an increased life expectancy, the
less one will be able to provide for future consumption. In pragmatic



terms, the difference between perfect- or imperfect-foresight measures
and the no-foresight measure provides an estimate of the value of
information about the policy change.

These scenarios are not wholly realistic when apphed to groups of
individuals. The imperfect-foresight scenario is a case in point. If an
individual learns of an increased life expectancy, he is made better off
in expectation. With perfect markets, however, the terms under which
he is able to provide for the future will grow worse, since his insurance
premia will increase. This “income effect” may be so strong that the
individual’s WTP for a life-extending policy becomes negative. This
merely means that the individual would rather stay with his old
annuity, shifting the financial burden of increased longevity onto
insurance markets.

This points out an important aspect of aggregate WTP. For policies
whose effects are uncertain or little-publicized, it is unlikely that
increased life expectancies will quickly show up in increased insurance
premia. Typically, an insurance company cannot distinguish between a
new lifetable and a favorable draw under the old lifetable until sub-
stantial time has elapsed. A company that attempted to increase
premia on the basis of an announced environmental policy would find
itself in severe difficulties. In addition, the company may not be able
to induce those whose lifetable has improved to self-select. Ideally,
market reallocation of risk should be factored into the WTP analysis.
However, this goes beyond the scope of the current model.

WTP Formulas

We conclude this section by presenting WTP formulas used in the
computer model. These formulas were derived from the optimal con-
sumption plans outlined above. They measure the WTP of an individ-
ual at age t for a change from an “old” lifetable, denoted q° to a “new”
lifetable, denoted gl.

The individual’s utility for current consumption c is assumed to be
U(c) = cf, where 8 is a parameter between 0 and 1 that is inversely
related to risk aversion. s

Details of the derivations are available from the author on request.
In principle, there are 36 different WTP measures, corresponding to 36
logically possible combinations of optimization (time-consistent, fixed
annuity, or adjustable annuity), foresight (perfect, imperfect, or none),
market availability (whether futures markets exist or not), and refer-
ence position (WTP versus WTA). However, some of this multiplicity
is more apparent than real. In particular, a world in which futures
markets are available can be transformed into one in which such
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markets are absent simply by replacing the original income stream I(t)
with a market-adjusted stream J(t,q) that captures the individual’s
ability to borrow against future income:

J(0,9) = H(0,q)

_lgt -1 - q@] 5
Tt - Sr-pew &7 e

_ [g¢ = 1) — q(®)] _
ST (=) H(t - 1,9)

The futures markets analogs of the time-consistent measures
reported below could be obtained by replacing the Robinson Crusoe
income stream I(t) with the futures markets income stream J(t).
However, as the formulas in Table 6 indicate, in the absence of binding
solvency constraints, time-consistent WTP depends on income only
through the present discounted value of income when survival is
assured (the variable A defined in Eq. (21) below). This amount is the
same whether or not futures markets are open.

The annuity measures reported below all assume the existence of
futures markets, since the planned annuities will almost certainly be
revised as income changes. Once again, the presence or absence of
futures markets affects the annuity measures of WTP only through the
possibility of insolvency.

The variables used in the benefits formulas are defined in Egs. (21)
through (34). Table 5 presents the WTP formulas, Table 6 gives their
WTA analogs, and Table 7 gives the value-of-life coefficients.

A - ‘ﬁl #1(s) @1) -
D(t,q) = (1/8q(t)) ﬁ, 5q(s) 22)
A(t) = D(¢,q%/D(t,qY) (23)

F(t,q) - q(t)D(t,q)[-’,’j‘(&g} .

L [q(s — 1) — q(s)]H(s,q)
&~ q6 = 1)q(s)D(s,9) ] (24)



Table 5

WILLINGNESS-TO-PAY MEASURES

Foresight® Optimization®

Measure

Perfect Time-consistent
Imperfect Time-consistent
None Time-consistent
Perfect Fixed annuity

Imperfect Fixed annuity

None
Perfect

Imperfect

None

Fixed annuity

Al¥(t,qY) - ¢* 8(t)]

All ~ g*8(t)7]

A¥(t,g01 — g*a(t)1/8)
D(t,gV)[2(g") — (gA()/F)
W(t,cFA gl) — W(t,cFA g0)A(t)
D(t,qV)3(gM(1 — A1) /4]

Adjustable annuity F(t,q!) - F(t,q%A(t)”

Adjustable annuity H(t,g") - H(t,q% + F(¢t,¢%[1 - A(t)]

Adjustable annuity F(¢,q%)[1 — A(£)'/]/ A(t)

Table 6

WILLINGNESS-TO-ACCEPT MEASURES

Foresight

Optimization

Measure

Perfect
Imperfect
None
Perfect
Imperfect
None
Perfect
Imperfect

None

Time-consistent
Time-consistent
Time-consistent
Fixed annuity
Fixed annuity
Fixed annuity
Adjustable annuity

Adjustable annuity A(¢)-"[H(t,q!) - H(t,q% + F(t,q%)] - F(¢t,q"

Adjustable annuity

A[¥(t,gh)g*(t)-t o(t)-Y — 1]
Alg*(t)-'e(t)-Y - 1]
A¥(t, g% g*(®)2a(t)-1/F — 1]
D(t,q")[2(g)A(t)-178 - ®(q))
W(t,cFA ql) A(¢)-7 — W(t,cFAg0)
D(t,q")¥(g)A(t)-1/# — 1]
F(t,q") A(t)~" - F(t,q"

F(t,q9A(t)-1/7 - 1]

%
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Table 7
VALUE OF LIFE COEFFICIENTS
Foresight Optimization REF® Coefficient?

Perfect Time-consistent ¢! A ¥(t,g!)/8
Imperfect, none Time-consistent ¢',g° A ¥(t,g°./8
Perfect Fixed annuity q' D(t,qh0(g)) /8
Imperfect Fixed annuity q! WitcFAq) /8
None Fixed annuity gq! Ditg") 8(g% /B
Perfect Fixed annuity q° Di(tqg® 6(g)/8
Imperfect Fixed annuity q® W(tcFA g% /8
None Fixed annuity q° Di(tq® 6% /8

aReference lifetable g = old; q! = new.
OL = coefficient x change in life years.

®(q) = H(0,9)./D(0,q)

y=(1-B/B
H(t,q) - it 5#-t(q(s) /q(ENI(s)
o(t) - R(t,q°)/R(t,q")

g*(t) = [g'(t)/q%(t))/B

¥(t,q) = R(t,q) /R(0,q)

R(t,q) = ﬁ és—tq(s)l/(l—ﬂ)

s=t

(25)

(26)

27

(28)

(29)

(30)

(31
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S(t) - ﬁ 5t q1(s)[g°Gs)] (32)
olt) = R(t,q%)/S(®) (33)

F. - 'S s _ (1 —)H(0,49
W(t,cFAq) = H(t,q) + ‘20 ot I(s) m (34)



IV. CASE STUDIES

In this section, illustrative risk assessment and valuation calcula-
tions are presented for three cases of policy interest. These studies are
not designed to replace the benefits assessments already performed in
EPA Regulatory Impact Analyses but to illustrate the quantitative sig-
nificance of various aspects of age, time, and information raised in the
preceding sections.

The first part of this section describes the computerized model used
to perform the computations. Since the number of variables is quite
large, a copy of the computer model is available on request, which will
allow the reader to investigate various possibilities. The model is
largely self-documenting via pop-up menus but instructions are
included in an appendix. . :

The assumptions underlying each study are described, and sample
computations are presented. For each study, the WTP of several
cohorts is examined for a specific policy. A base case is identified, and
several variations of risk assessment and benefits parameters are
explored. These results are summarized in a series of comparative
statics tables. Detailed WTP calculations in spreadsheet form are also
available on request to enable users familiar with Lotus to explore vari-
ous comparisons not undertaken here.

CASE STUDIES

The case studies differ principally in the age dependence of mortal-
ity. In each case, we have computed various benefits measures for
several cohorts of individuals. The results are presented in two ways.
The benefits are graphed against the birth year of each cohort, and the
effects of changes in various parameters are isolated. The benefits
measures are given in Table 8.

ASBESTOS IN SCHOOLS

The risk-assessment procedure used in this study follows the model
developed by Nicholson (1985). Concentrations of asbestos are given
in ng /m?, and represent high and low ranges found during the 1983
EPA survey of asbestos levels in schools. For this study, we assumed
that exposure levels increase linearly with the age of the school

40
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Table 8

BENEFITS MEASURES
Symbol Measure Optimization Foresight Reference
HK Human capital n/a n/a n/a
PPVO = Value of life Fixed annuity Perfect/none WTA
PIVO  Value of life Fixed annuity Imperfect WTA
PPVN Value of life Fixed annuity Perfect WTP
PIVN  Value of life Fixed annuity Imperfect WTP
PNVN Value of life Fixed annuity None WTP
VRPN Value of life Consistent Perfect WTP
VR Value of life Consistent All others WTP/A
PPC Compensation Fixed annuity Perfect WTP
PPE Compensation Fixed annuity Perfect WTA
PIC Compensation Fixed annuity Imperfect WTP
PIE Compensation Fixed annuity Imperfect WTA
PNC Compensation Fixed annuity None WTP
PNE Compensation Fixed annuity None WTA
RPC Compensation Consistent Perfect WTP
RPE Compensation Consistent Perfect WTA
RIC Compensation Consistent Imperfect WTP
RIE Compensation Consistent Imperfect WTA
RNC Compensation Consistent None WTP
RNE Compensation Consistent None WTA
MPC Compensation Adjusted annuity Perfect WTP
MPE Compensation Adjusted annuity Perfect WTA
MIC Compensation Adjusted annuity Imperfect WTP
MIE Compensation Adjusted annuity Imperfect WTA
MNC  Compensation Adjusted annuity None WTP
MNE  Compensation Adjusted annuity None WTA

building up to 50 years, at which time we assume that the school is
taken out of service. Children are assumed to be exposed between ages
5 and 18 unless the school is taken out of service before they graduate.
Mortality is assumed to result from lung cancer and mesothelioma
only. The risk of lung cancer is measured according to a relative risk
model, and that of mesothelioma is measured according to an absolute
risk model. The dose-response constants represent the consensus
values presented in Nicholson (1985).

The base case assumes a high level of exposure, a long latency
period, early-stage carcinogenesis, and a high time-power for
mesothelioma. No attempt is made to justify these assumptions on the
basis of empirical evidence, since the purpose of these studies is metho-
dological.



42

For valuing the change in risk, the base case assumes that the indi-
vidual discounts the future at 5 percent, is fairly risk-averse (8 = 0.2),
uses a time-consistent procedure, is informed of the change in lifetables
at the policy date (1985), and treats the new lifetable as a reference
position. In this study, we assess WTP as of the policy date rather
than at a fixed age.

The cases examined in the comparative statics analysis are described
in Tables 9 and 10. In each case, the percentage effect of varying the
specified parameter is presented as a function of the birth year of the
cohort. These numbers are given in Tables 11 through 17.

Tables 11 and 12 show the effects of different assumptions about
discounting, attitude toward risk, optimization, reference position,
foresight, and benefits measurement procedure. Table 11 gives the
monetary value of benefits computed in different ways. The first part
of Table 12 shows the percentage change in benefits measured accord-
ing to three criteria (WTP, value of life (CVOL), and human capital
(HK)) of: a reduction in the discount rate from 5 percent to 0 percent;
an increase in the discount rate from 5 percent to 10 percent; and an
increase in risk tolerance from 8 = 0.2 to 8 = 0.8. The second part of
Table 12 shows the degree to which different measures overstate the
time-consistent, imperfect-foresight value of WTP. :

For example, the members of the 1980 cohort have a base case WTP
of $47.08. The base case assumes a discount rate of 5 percent and a
relatively risk-averse utility function (8 =0.2). If the future is not
discounted, WTP rises to $2714.08, as shown in the column labelled
“p = 0”. The column labelled “r = 10” shows the effect of a 10 percent
discount rate; WTP falls to $0.98. If the individual is risk-neutral (8
= (.8), WTP is $3.68.

If the time-consistent WTP measure is replaced with the fixed
annuity (FA) measure, WTP falls to $41.74. By contrast, the “myopic”
adjustable annuity (AA) procedure gives $62.59. WTA, which uses the
old lifetable as a reference point, gives a value of $47.10.

The base case assumes that the individual finds out about the policy
when it takes effect. If the individual had perfect foresight (PF), his
WTP would be higher ($48.99). On the other hand, the WTP of an
individual who never finds out about the policy change (NF) is only
$46.32. '

The human capital (HK) valuation of the policy change for a
member of the 1980 birth cohort is $10.33. The time-consistent value
of life (CVOL) measure is $454.15, whereas the fixed-annuity value of
life (IVOL) is $436.35.

Table 13 illustrates the impact on WTP of changing parameters in
the risk-adjustment model. In the base case, the individual’s prepolicy



Table 9
RISK-VALUATION COMPARISONS

Case® Measure® Discount® Risk® Optimization Foresight®
WTP RIC Moderate Averse Consistent Imperfect
r=0 RIC None Averse Consistent Imperfect
r=10 RIC High Averse Consistent Imperfect
g =08 RIC Moderate Neutral Consistent Imperfect
FA PIC Moderate Averse Fixed annuity Imperfect
AA MIC Moderate Averse Adjustable annuity Imperfect
WTA RIE Moderate Averse Consistent Imperfect
PF RPC Moderate Averse Consistent Perfect
NF RNC Moderate Averse Consistent None
HK HK Moderate Averse Consistent Imperfect
CVOL VR Moderate Averse Consistent Imperfect
IVOL PIVN Moderate Averse Fixed annuity Imperfect

aRefers to column headings in Tables 11, 12, and 14-17.
bRefers to measures defined in Table 8.
¢Discount or interest rate: none = 0 percent; moderate = 5 percent;

high = 10 percent.

cRisk aversion parameter (8) values: averse = 0.2; neutral = 0.8.
¢Date informed: imperfect = policy date; perfect = birth; none =

never.

Table 10
RISK-ASSESSMENT COMPARISONS
Case® Exposure? Latency Stage® M Power®
Base High Long Early High
LE Low Long Early High
SL High Short Early High
LS High Long Late High
LM High Long Early Low

8Refers to column headings in Table 13.
b1983/postpolicy exposures: high = (660/200);

low = (200/10) ng / m3.
®Long = 10 years; short = 5 years.

dEarly = (1/5) x latency; late = (4/5) x

latency.

®High = 5; low = 2.5.
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Table 11
COMPARISON OF DOLLAR BENEFITS: ASBESTOS IN SCHOOLS
Cohort WIP r=0 r=10 =08 FA AA WTA PF NF HK CVOL IVOL
1970 1650 692.00 049 1.22 13.77 33.07 1651 17.83 1570 3.00 112.21 108.64
1975 44.15 215563 1.11 340 38.17 71.76 44.16 47.13 4279 9.03 355.64 342.89
1980 47.08 2714.08 0.98 3.68 41.74 6259 47.10 4899 4632 1033 454.15 43635
1985 28.76 1978.39 049 224 2560 31.19 28.77 28.76 28.76 6.56 331.31 312.84
1990 1004 66830 0.18 0.83 9.12 11.07 10.04 10.04 1004 252 111.27 105.10
NOTE: Column headings are explained in Table 9.
Table 12
COMPARATIVE STATICS: ASBESTOS IN SCHOOLS
(In percent)
WTP CVOL HK
Cohort r=0 r=10 =08 r=0 r=10 =08 r=0 r=10
1. Sensitivity to discount and risk parameters®
1970 -95.34 -31.39 -51.72 -70.52 -21.56 -3744 -75.64 -23.92
1975 -95.99 -31.70 -51.43 -72.06 -21.67 -36.95 -80.04 -25.44
1980 -96.59 -31.98 -51.30 -73.48 -21.76 -36.57 -83.83 -26.81
1985 -97.13 -32.23 -51.34 -74.73 -21.81 -36.00 -87.02 -28.01
1990 -97.04 -32.17 -50.80 -74.73 -21.81 -36.00 -86.77 -27.86
Cohort WTA PF NF AA FA IVOL HK CvVOL
II. Degree to which different measures overstate true WTPP
1970 0.01 8.02 -4.89 10037 -16.58 41195 -81.83 579.94
1975 0.03 6.76 -3.08 6254 -13.53 503.75 -79.54 705.54
1980 0.04 406 -162 3294 -11.34 620.79 -78.06 864.64
1985 0.02 0.00 -0.03 8.44 -11.02 740.58 -77.22 1051.81
1990 0.01 000 -0.01 1018 -9.15 708.86 -74.95 1007.93

8Arc elasticity of indicated measure w.r.t discount rate (r) or risk tolerance.
b(Measure - WTP)/WTP.



exposure of 660 ng / m? is reduced to 200 ng /m3. In the low-exposure
(LE) scenario, the pre- and postpolicy exposures are 200 ng/ m3 and
10 ng / m?, respectively; WTP for a member of the 1980 birth coliort
drops from $47.08 to $24.42.

Long latencies reduce computed WTP. The base case assumes a
latency of 10 years. The short-latency (SL) scenario assumes a five-
year latency, and WTP rises to $52.47. If the stage at which cancer
becomes irreversible increases from its base case value (Latency/5) to
its late-stage (LS) value (4 x Latency/5), WTP for a member of the
1980 cohort decreases to $23.93.

Perhaps the most powerful influence on WTP for school-age popula-
tions is the time-power associated with mesothelioma risk. Although
epidemiological data suggest a value between 4 and 5, some researchers
have argued for values between 1 and 3. For a member of the 1980
cohort, reducing the time-power from its base case value of 5 to a low-
'mesothelioma (LM) value of 2.5 reduces WTP from $47.08 to less than
16 cents!

Willingness to pay is a concave, single-peaked function of age. This
reflects the underlying risk pattern. People with early birth years face
low levels of exposure in school, and people with late birth years will be
in asbestos-laden schools only for a relatively short time. This risk
pattern probably overshadows the variation of individual WTP with
chronological age. The concavity of this relation means that the WTP
of individuals at the mean age probably understates aggregate WTP.
In most cases, WTP is highest for the 1980 cohort. However, the peak
comes earlier in three scenarios.! When the future is heavily
discounted (r = 10 percent), the large WTP of later cohorts is similarly

Table 13

EFFECTS OF EPIDEMIOLOGIC ASSUMPTIONS:
ASBESTOS IN SCHOOLS

Cohort Base LE SL s .+ LM

1970  16.50 6.56 *+ 18.48 813 0.0729
) 1976 4415 19.01 4929 2219 0.1602
1980 47.08 2442 5247 2393 0.1635
1985 2876 1583 3202 14.74 0.0850
1990 10.04 752 1114 5§26 0.0230

NOTE: Column headings are explained in Table
10. WTP in dollars.

"This is one of several comparisons that refer to data on the case study disk.
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reduced. The myopia that induces individuals in the adjustable
annuity scenario to choose new annuity levels in every period also acts
as a form of accelerated discounting. Finally, when the time-power
associated with mesothelioma is halved, the delayed impact of the
disease is reduced. This enhances the WTP of earlier cohorts.

The effects of parameter changes on the value of mortality benefits
are often striking. As expected, the discount rate has a profound
effect: Cutting the discount rate to 0 increases benefits by a factor of
40 to 70. This effect grows weaker with age and is sensitive to epi-
demiological assumptions—risk reductions occurring in the far future
are more likely to have discount-sensitive valuations. In much the
same way, doubling the interest rate reduces benefits by approximately
98 percent in dollar terms.

The risk preference variable has an equally pronounced effect on
WTP; decreasing risk aversion decreases the measure of benefits.

Equivalent surplus (WTA) is only slightly larger than compensating
surplus (WTP) and behaves similarly when model parameters are
changed.

Perfect foresight increases benefits by as much as 8 percent. As
expected, the degree to which advance information increases WTP falls
sharply for later cohorts, since the dates at which they are informed of
the policy under the two scenarios move closer together. In the same
way, absence of information about the policy decreases WTP by up to
5 percent, for earlier cohorts. The effects of foresight seem to be fairly
stable across epidemiological cases.

The fixed annuity measure understates benefits by between 9 per-
cent and 16 percent. The degree of understatement is larger for older
cohorts and is fairly sensitive to changes in the risk-assessment pro-
cedure. More precisely, understatement decreases when latency
decreases, increases as the stage variable increases, and decreases
markedly when the mesothelioma time power falls. This supports the
idea that time inconsistency entails inaccurate assessment of benefits
accruing in the far future.

By contrast, the adjustable annuity measure overstates benefits by
up to 100 percent. The degree of overstatement is sharply higher for
older cohorts, but is less sensitive to differences in risk assessment
than the fixed annuity measure. This reflects the fact that the adjust-
able annuity scenario is time consistent from an outside observer’s
point of view.

Human capital is reliably the smallest of the benefits measures. It
understates WTP by approximately 80 percent for the base case
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parameter values. The degree of understatement rises slightly with
age. It is insensitive to risk aversion but responds strongly to changes
in the discount rate. It is also quite sensitive to changes in latency and
stage: Shorter latency and earlier stage tend to increase the human
capital measure of benefits by providing earlier increases in survival.

The value-of-life measures are reliably the highest. The epidemio-
logical variables affect all value-of-life measures in the same way.
Value-of-life benefits are lower for longer latency and later stage, but
they are not as sensitive to these factors as human capital. The value-
of-life approximation overstates WTP by a factor of 5 to 10. Over-
statement falls with age.

OCCUPATIONAL ASBESTOS EXPOSURE

This case is conceptually similar to the preceding case, except that
exposure levels are taken to be constant until altered by policy. We
compute the WTP of five-year cohorts from 1930 to 1980, and the pol-
icy is assumed to take effect in 1985. Exposure is assumed to last from
age 20 until age 65.

The detailed variations of epidemiological data will not be repeated.
However, the utility parameters and measurement procedure have been
varied. The values of these measures for each cohort are listed in
Table 14 and the comparative statics computations in Table 15.

The comparative statics results are broadly similar to those found in
the asbestos in schools case, taking account of differences in age
ranges. The comparisons that display similar patterns of cohort varia-
tion include:

o Adjustable annuity WTP overstates true WTP by an amount
that first rises, then falls with age;

e Perfect foresight and adjustable annuity WTP overstate true
WTP by amounts that increase with age;

e No foresight WTP, adjustable annuity WTP, and human capi-
tal understate true WTP by amounts that increase with age;

e Both value-of-life measures overstate true WTP by amounts
that decrease with age; '

o Interest elasticities are negative (with the exception of CVOL
for high interest rates) and rise (become less negative) with age.

The differences are mainly due to the longer exposure and greater
range of cohorts considered in the occupational case. The (negative)
risk elasticity of WTP falls for younger cohorts not employed as of the
policy date, whereas it rises for the same cohorts in the schools case,
since those cohorts are exposed.
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Table 14
COMPARISON OF DOLLAR BENEFITS: OCCUPATIONAL ASBESTOS

Cohort WTP r=0 ra=10 f8=08 FA AA WTA PF NF HK CVOL IvVOL

1930 2.16 174 092 025 000 331 2.16 154 124 0.00 3.95 4.53
1935 476 436 176 064 0.00 9.82 476 385 311 000 1088 1183
1940 930 966 3.00 142 000 2301 9.30 827 672 005 2605 2734
1945 1681 1978 471 296 000 4648 1682 1604 13.12 027 56.68 58.10
1950 2861 3810 697 578 0.00 8398 28.64 2875 2369 093 11447 11541
1955 46.33 6976 9.82 1072 0.00 13861 4641 48.26 40.16 253 217.37 216.33
1960 71.83 12230 13.25 1891 31.60 20574 72.03 76.59 6456 592 391.95 385.39
1965 107.23 20646 17.20 31.80 83.31 268.25 107.68 115.74 99.19 12.28 676.87 657.48
1970 8205 18912 10.57 23.52 64.40 162.72 8231 8863 77.76 9.58 633.56 610.73
1975 63.10 17444 651 1762 50.38 99.84 63.26 67.36 6096 7.49 595.87 572.31
1980 48.72 16185 4.02 1332 3944 61.74 4881 5069 4778 586 561.39 537.49

NOTE: Column headings are explained in Table 9.

Table 15
COMPARATIVE STATICS: OCCUPATIONAL ASBESTOS
(In percent)
WTP CVOL HK

Cohort r=0 r=10 8=08 r=0 r=10 g8=08 r=0 r=10
I. Sensitivity to discount and risk parameters®

1930 -97.55 -13.40 -47.39 -88.46 449 -1555 ERR ERR

1935 -97.84 -15.29 -45.83 -89.25 3.89 -1019 ERR ERR

1940 -98.09 -17.08 -44.06 -89.99 3.33 -6.17 -82.45 14.22
1945 -98.31 -18.74 -42.05 -90.67 2.83 -3.18 -8545 11.58
1950 -98.51 -20.27 -39.83 -91.30 2.38 -094 -88.05 8.69
1955 -98.68 -21.67 -37.44 -91.88 1.99 079 -90.23 5.64
1960 -98.83 -22.95 -35.00 -92.41 1.67 220 -92.02 2.53
1965 -98.97 -24.12 -32.55 -92.88 1.40 339 -93.49 -0.59
1970 -99.14 -25.73 -33.27 -93.31 117 439 -94.87 -4.44
1975 -99.28 -27.09 -33.81 -93.71 0.98 517 -95.95 -8.17
1980 -99.40 -28.25 -34.24 -94.07 0.81 578 -96.82 -11.70

Cohort WTA PF NF AA FA IVOL HK CVOL

II. Degree to which different measures overstate true WTPP

1930 0.01 -28.77 -4256 53.50 -100.00 -100.00 -100.00 83.05
1935 0.02 -19.13 -34.57 106.51 -100.00 -100.00 -100.00 128.84
1940 0.04 -11.05 -27.70 147.56 -100.00 -100.00 -99.44 180.25
1945 0.07 -4.54 -21.94 176.60 -100.00 -100.00 -98.38 237.28
1950 0.11 048 -17.19 19354 -100.00 -100.00 -96.76 300.08
1955 0.18 416 -13.31 199.19 -100.00 -100.00 -94.54 369.19
1960 0.28 6.62 -10.12 18640 -56.01 129.86 -91.76 445.63
19656 0.42 793 -750 16015 -22.31 38175 -88.54 531.21
1970 0.32 801 -523 9832 -21.52 47871 -88.33 672.15
1975 0.25 6.75 -3.40 58.22 -20.16 604.92 -88.13 844.29
1980 0.19 404 -193 2673 -19.04 75798 -87.97 1052.37

8Arc elasticity of indicated measure w.r.t discount rate (r) or risk tolerance.
b(Measure — WTP)/WTP.
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The occupational comparisons are more sensitive to changes in the
interest rate and risk aversion parameter than those in the schools
case; the interest elasticity for VOL is positive and increasing with age
when comparing the 5 percent and 10 percent discount rates. The
interest elasticity of HK is positive for older cohorts but negative for
those aged 20 or below (at the policy date). By contrast, the risk elas-
ticity of VOL is negative for older groups, and positive for those aged
30 or below (at the policy date).

To further illustrate the characteristics of these measures, Figs. 3
through 5 contain graphs of benefits versus birth year. Figure 3 illus-
trates the effects of foresight on the time-consistent WTP measure.
The figure reinforces the lesson of the perfect-foresight (PF) column in
Table 15(II); reducing the age at which individuals learn of an impend-
ing policy change has a fairly consistent beneficial effect for individuals
younger than age 35 at the policy date. Older individuals are already
net beneficiaries of their insurance annuities and therefore have higher
benefits if they (and the market) are not informed until the policy
takes effect. As a practical matter, the difference between the mea-
sures gives a rough estimate of the value of information about the pol-
icy for an individual of a given age and psychological makeup.

Figure 4 compares different optimization procedures. It can be seen
that this “consistency effect” dwarfs the effects of foresight. This
makes it vitally important to avoid inappropriate assumptions about
individuals whose WTP cannot be directly measured. The figure also
shows that the fixed annuity measure of WTP is 0 for individuals born
before 1955. This is an artifact of the imperfect-foresight assumption.
Such individuals have negative net wealth at the policy date; they have
received more from their insurance policies than they can be expected
to pay in. Such individuals would therefore find reoptimization a pain-
ful undertaking. This should not be taken as suggesting that such
individuals would rather not have their lives extended. Instead, it
means that the optimization model may not capture their options suffi-
ciently well to allow good inferences about WTP.

The myopic adjustable annuity measure in Fig. 4 is far larger than
the time-consistent measure. This measure must be interpreted care-
fully. A myopic individual by definition does not recognize his inability
to precommit resources. Such an individual would, if asked, express a
WTP close to that of the time-inconsistent individual. However, a pol-
icymaker who knows that the individual is myopic can nonetheless
compute the compensation that would raise the individual’s actual util-
ity to the reference level. This is one of the few instances where a pol-
icymaker is justified in acting as though the individual knew more than
he does.
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Figure 5 compares the various procedures for estimating WTP that
have been described in this report. The human capital measure is by
far the smallest, despite the relatively mild discounting. It is also the
least sensitive to birth year. The next smallest measure is the “full”
WTP measure computed as the compensating surplus for a change in
lifetables appropriate to a time-consistent individual with imperfect
foresight. The two highest measures are the value of life measures that
most closely approximate current practice. The change in life-years is
multiplied by a coefficient that measures the dollar value of average
optimized utility per life-year. The time-consistent version exceeds the
inconsistent one but by a negligible amount compared to the degree by
which they overstate the “true” WTP.

Benefits measured by the conventional value of life procedure should
be deflated to obtain a better measure of WTP. The value of life pro-
cedure is a linear approximation to a concave function, so the degree of
overstatement varies with the degree to which the “1 percent change in
survival probability” implicit in the value of life coefficient departs
from the actual change in lifetables.

LEAD IN GASOLINE

The assumptions used here follow those of the EPA Regulatory
Impact Assessment. The risk-assessment equations and the parameter
values are described in the appendix. The data and policy assumptions
were taken from the Regulatory Impact Analysis prepared by the U.S.
Environmental Protection Agency, the NHANES II Survey data, and
the Framingham study.

Blood lead level (BL) is modelled as a linear function of gasoline
lead level (GL):

BL = S(BL) x GL + K(BL). (35)

Diastolic blood pressure (BP) is modelled as a loglinear function of
blood lead:

BP = S(BP) x BL + K(BP). (36)

Mortality (M) is modelled as a linear function of diastolic blood pres-
sure:

M = S(M) x BP + K(M). (37

Individuals are exposed between the ages of 45 and 60. The policy
reduces the lead content of gasoline from 1.1 GPLG (grams per leaded
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gallon) to 0.1 GPLG in 1985. The background level of blood lead is 17
ug/dl, and the baseline diastolic blood pressure is 72. The slopes of the
dose-response relations are: S(BL) = 2.181, S(BP) = 4.609, and S(M)
= 0.387.

The overall pattern of utility-sensitive benefits shows a steady
increase with age, with a modest secondary peak for the 1965 cohort,
which is just beginning its exposure at the assumed policy date.
Human capital benefits increase with age for cohorts below working
age at the policy date; this reflects the fact that earnings are not so
steeply discounted for older cohorts. Human capital declines with age
for working cohorts as the working life expectancy falls.

COMPARISON ACROSS CASES

In this subsection we compare the three cases for sensitivity to a
variety of parameters. '

The primary differences between the school and occupational asbes-
tos cases are the variation of benefits across cohorts and the difference
between different measures. The former is a time effect, since the
exposure of schoolchildren stops when they leave school or move to a
newer building. The latter is primarily an age effect, since there are
older cohorts in the occupational study. Similar cohorts display

Table 16
COMPARISON OF DOLLAR BENEFITS: LEAD IN GASOLINE

Cohort WTP r=0 r=10 =08 FA AA WTA PF NF HK CVOL IVOL

1930 162.44 183791 1979 1544 000 11459 162.65 119.71 94.88 2.08 198.84 226.69
1935 12243 158857 1297 11.01 000 9396 12255 10221 81.08 500 189.98 205.96
1940 9638 141576 913 887 000 8018 9645 8929 7029 7.99 187.64 196.70
1945 8252 132325 7.52 865 000 7584 8257 8100 64.83 1283 181.84 186.38
1950 6859 122439 580 7.69 000 6780 68.63 7098 57.08 1444 17751 179.11
1955 5801 115288 479 7.21 000 6229 5894 6285 51.29 1595 172.07 171.54
1960 50.29 108641 3.89 6.57 3262 5580 5031 57.75 45.38 16.06 183.18 180.66
1965 56.87 114174 551 927 5800 6801 5689 6220 5285 23.75 17590 17L.74
1970 47.38 107872 4.03 779 49.18 57.63 4740 51.77 45.10 20.53 169.08 163.80
1975 3977 102344 304 6.65 4176 4889 39.78 4272 3857 1741 16174 156.10
1980 3265 96663 220 550 3444 4033 3266 3429 3214 1423 158.20 15218




Table 17
COMPARATIVE STATICS: LEAD IN GASOLINE
(In percent)
WTP CVOL HK
Cohort r=0 r=10 =08 r=0 r=10 f=08 r=0 r=10
1. Sensitivity to discount and risk parameters®
1930 -83.76 -26.09 -49.58 ~53.23 -19.53 -47.13. -12.14 -3.86
1935 -85.69 -2695 -50.10 -55.86 -19.93 -44.92 -19.61 -6.02
1940 -87.25 -27.57 -49.89 -5838 -2028 -43.10 -26.81 -8.02
1945 -88.26 -27.76 -48.62 -60.78 -20.59 -41.63 -32.68 -9.46
1950 -89.39 -28.13 -47.91 -63.04 -20.86 —40.47 -40.04 -11.49
1955 -90.28 -28.32 -4692 -65.14 -21.09 -39.52 -46.45 -13.10
1960 -91.15 -28.55 -46.14 -67.09 -21.28 -38.73 -52.85 -14.78
1965 -90.51 -27.45 -43.18 -68.88 -21.43 -38.03 -55.24 -14.62
1970 -91.58 -28.11 -43.06 -70.54 -21.56 -3743 -62.34 -17.14
1975 -92.52 -2860 -42.82 -72.07 -21.67 -36.95 -68.74 -19.55
1980 -93.46 -29.13 -42.70 -73.49 -21.76 -36.57 -74.43 -21.80
Cohort WTA PF NF AA IVOL FV HK Ccv
II. Degree to which different measures overstate true WTPP
1930 0.13 -26.31 -41.59 -100.00 -29.46 -100.00 -98.72 2241
1935 0.10 -1652 -33.77 -100.00 -23.26 -100.00 -95.92 556.17
1940 007 -7.35 -27.07 -100.00 -16.80 -100.00. -91.71 94.68
1945 0.06 -1.83 -21.44 -100.00 -8.09 -100.00 -84.45 120.37
1950 0.05 347 -16.78 -10000 -1.16 -100.00 -78.95 158.78
1955 0.05 6.68 -12.94 -100.00 573 -100.00 -72.93 192.08
1960 004 148 -9.75 -3513 1097 54.47 -68.07 264.26
1965 0.04 938 -7.07 198 1959 13748 -58.23 20931
1970 0.04 926 -4.83 3.79 2161 16893 -56.67 256.82
1975 0.03 741 -3.03 499 2294 205.19 -56.23 306.68
1980 0.03 5.02 -1.58 547 23.51 262.51 -56.41 384.49

8Are elasticity of indicated measure w.r.t discount rate (r) or risk tolerance.
b(Measure - WTP)/WTP.
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qualitatively similar patterns. Quantitatively, the school group is
affected more by discounting and time inconsistency. This group is
relatively less sensitive to risk posture, myopia, timing of information,
reference position, and human capital.

Comparing the occupational asbestos and lead cases, more striking
comparisons emerge. WTA overstatement is monotone increasing with
age in the lead case, but eventually declines in the occupational asbes-
tos case. With the exception of a minor peak for the 1960 lead cohort
(who are just at risk at the policy date), the response to changes in
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information timing (foresight) is strikingly similar in the two cases.
Although the interest elasticities display similar patterns of cohort
variation, the occupational asbestos case is more sensitive to changes
in the level of interest rates: For WTP, VOL, and HK measures, the
interest elasticity computed for the lead case is uniformly lower
(higher) than for occupational asbestos when the interest rate is high
(low).

The following general principles emerge. Increases in the discount
rate depress benefits. This effect generally decreases with the age of
the affected individuals, except for the lead group. This probably
reflects the fact that this case treats only individuals exposed between
the ages of 45 and 60. Increasing risk aversion generally increases
WTP, although human capital is by definition unaffected.

For the long-latency (asbestos) cases, the fixed (adjustable) annuity

' measures are generally less (more) than their time-consistent counter-

parts. By contrast, for the prompt mortality (lead) case, both fixed
and adjustable annuity WTP measures understate (overstate) time-
consistent WTP for older (younger) individuals.

Interest elasticities are generally negative and rise with age, even
changing sign for high-interest HK and VOL measures in the occupa-
tional asbestos case. Risk elasticity is generally negative and falls with
age, changing sign for the youngest cohorts in the occupational VOL
case.

As a rule the elasticities are most sensitive to levels of interest rate
and risk aversion in the occupational asbestos case, rising sharply with
increases in r or 8. This reflects the long exposure history and latent
mortality.

Changes in reference position (WTA versus WTP) lead to a slight
increase in benefits. The occupational asbestos case shows a sharp
peak for the cohort whose exposure begins at the policy date: Older
cohorts show-less overstatement because of the increasing similarity of
base-case and policy-affected lifetables, whereas younger cohorts show
less reference position effect as a result of discounting of the effects of
future exposure. The school asbestos and lead cases show weakly simi-
lar patterns attenuated by the short exposure of the former and the
prompt mortality of the latter.

With the exception of the lead case, the adjustable- and fixed-
annuity measures provide upper and lower bounds (respectively) for
time-consistent WTP. For the reasons discussed above, the AA over-
statement is highest for middle-aged cohorts. Understatement by FA
measures increases with age.

For the lead case, both annuity measures understate (overstate)
WTP for the young (old), though the effects are smoothed in the
fixed-annuity case.
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Assuming perfect foresight reduces WTP for older cohorts, but
increases WTP for those aged no more than 35 at the policy date. The
degree of overstatement peaks at age 25 for the lead case and for those
aged 15-20 in the occupational asbestos case. Preventing individuals
from learning of the change (the no-foresight case) always lowers WTP
by an amount that increases with age; there is almost no difference
between the cases.

Human capital understates WTP by an amount that rises with age,
gince it falls more sharply with the working life expectancy. As a rule,
VOL measures greatly overstate WTP by an amount that falls with
age. The prompt mortality assumed for lead leads to significantly
smaller differences in future conditional survival probabilities and thus
to smaller differences between WTP and the linear approximation
represented by VOL. It should be stressed that these conclusions
reflect the VOL coefficients computed for the specific case at hand.
There is no reason to suppose that similar relationships will hold for
“off the shelf” VOL numbers.

In the absence of good data regarding individual time consistency,
risk preference, rate of time preference, etc., the best approach is a
multiattribute one, in which changes in risk are compared directly
rather than being converted to dollar terms. The simplest procedure
that can be correlated with actual WTP is a comparison of life-years
saved. This procedure suggests that individuals do not discount health
effects. This may not be far from the truth. At any rate, the impedi-
ments to direct mortality markets suggest that life-years should not be
discounted as steeply as money benefits. If we are able to select such a
mortality discount rate, an appropriate basis of comparison would be
the gain in discounted life expectancy using that rate.

CONCLUSION

All of these procedures have limitations. The purpose of this report
has been to suggest that age and time effects do have a large impact on
WTP. In addition, we have identified some conceptual problems with
the conventjonal derivation of WTP measures and shown how .they
may be addressed. We have also compared various procedures for
measuring benefits and shown that they differ in their sensitivity to
aspects of the case at hand. Finally, the results suggest that careful
accounting for age and time effects and the choice of an appropriate
measure may have as large an effect on the outcome as such “normal”
variables as discount rates.
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For practical benefits estimation, the lessons of this analysis are
that human capital measures should be inflated and value of life mea-
sures deflated. Also, correction for individual risk aversion can affect
measured benefits; risk-averse individuals value the risk reductions
considered here much more than risk-neutral individuals. Indeed, one
striking result is that the effect of raising the risk tolerance parameter
has similar effects as an increase in the discount rate.

To apply the analysis developed here, the best procedure would be to
calibrate the model using existing value of life, income, and other data.
For example, a value of life number derived by, say, contingent valua-
tion methods could be matched to the results of this model when the
lifetables are those implicit in the contingent valuation protocol. Once
such factors as age, information, income profile, and discount rate have
been taken into account, the remaining free parameters (principally the
risk tolerance parameter 8, reference position, and time consistency)
can be varied until the computed result agrees with the reported result.
Then these free parameter values should be used with the actual life-
tables appropriate to a particular policy choice to measure WTP.



Appendix

THE COMPUTER MODEL

The computerized model used to perform the case study computa-
tions has two principal components. The first is a “lifetable adjuster”
that converts policy and epidemiology variables into pairs of lifetables.
The second part is a “valuation” module that applies a variety of bene-
fits measures to the lifetable pairs. The model has many parameters
that can be varied by the user. Since the number of possible compari-
sons is so large, the computer model is the essence of the case studies:
It may be used as a “universal table.”

This model is a menu-driven system based on Lotus 1-2-3, release 2.
To begin using the model, the user must be in the 1-2-3 section of the
Lotus system. Keystrokes are shown in quotation marks: Only the
symbols inside the quotes should be typed. The command “/wgdd”
allows the user to change the start-up drive to that containing the
benefits model. The worksheets that constitute the model can be listed
by the command “/flw”. Table A.1 shows the names and functions of
the component submodels.

To begin using the model, the user must recall one of the modules.
This is most easily accomplished with the command “/fr”, which causes
the system to display a list of the worksheets available. The direc-
tional arrows are used to “point to” the desired worksheet, and the
return key is pressed to recall it. If the listing does not contain the

Table A.1

WORKSHEETS IN THE BENEFITS MODEL
Lotus Name ) Function +
1s.wkl Asbestos in schdols lifetable adjuster
ig.wkl Occupational asbestos lifetable adjuster
1l.wkl Lead in gasoline lifetable adjuster
3c.wkl Time-consistent willingness to pay
3f.wkl Fixed annuity willingness to pay
3a.wkl Adjustable annuity willingness to pay
3ve.wkl Time-consistent value of life
3vi.wkl Human capital and fixed annuity value of life

59
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files given in Table A.1, change the source drive as described in the
preceding paragraph.

When a model is recalled, a list of options called a “menu” will
appear at the top of the screen. All the model’s normal operations are
guided by menus. However, readers familiar with Lotus can easily per-
form customized procedures, such as printing, graphic displays, etc. A
limited number of display options are provided with the model and will
be described when the appropriate menu is reached.

To select an item from a menu, merely use the directional arrows to
point to the desired option. A short description will appear below the
menu. To select that option, press the “Return” key. Alternatively,
options can be chosen by typing the first letter of the menu name. By
and large, duplicate first letters have been avoided, which accounts for
some apparent inconsistencies in naming menu items. In the case of
duplicate first letters, the model selects the first.

Next, the menu structure of each module is described in detail, after
which the section concludes with illustrative step-by-step procedures
for sample computations.

THE LIFETABLE ADJUSTERS

Asbestos in Schools

Figure A.1 shows the menu structure of the asbestos in schools life-
table adjuster. The function of each choice is described in Table A.2.
The default values of user-supplied parameters are listed. For lifetable
and incidence data, the 1979 U.S. Vital Statistics Tables were used.
Exposure levels are in ng/m°.

For the other models, we shall not repeat the “tree diagram” of Fig.
A.1 but will instead present “table diagrams” like Table A.2.

Occupational Asbestos

The menu structure is almost identical for the occupational asbestos
model, except for the “exposure” option in the top-level menu. It leads
to a submenu whose structure is described in Table A.3.

Lead in Gasoline

Both the exposure and dose-response submenus are different for the
lead in gasoline model. They are described in Table A.4. Blood lead
level (BL) is modelled as a linear function of gasoline lead level (GL):
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Table A.2
FUNCTIONS IN ASBESTOS IN SCHOOLS MENU
Default
Value
1. Exposure—sets policy and exposure variables
Base Life Lifetable to be adjusted 1979 Vital
Statistics
Constr. School construction date 1950
83 Exp. 1983 exposure level 660
Policy Date Date at which abatement occurs 1985
New Exp. Postabatement (constant) exposure level 100
Return Return to main menu
II. Dose-response—sets epidemiologic parameters
Latency Years before first mortality 10
Stage Years before irreversible damage (=< latency) 2
DRLC Lung cancer dose-response constant 1078
MDR Mesothelioma dose-response constant 10712
Time LC Lung cancer time power 1
Exp t M Mesotheli time power 5
LC Inc. Lung cancer incidence data 1979 Vital
Statistics
Return Return to main menu

IIL. Autocase—automatically fills and saves lifetables for each cohort
and computes changes in life expectancy compared with cohort

Go

Clear

Return

Asks for initial and final birth years, then fills

lifetable files for each five-year cohort. Also

computes a file called CLE: which contains (i)

change in life-years; (ii) percentage of old life expectancy;
and (iii) percentage of new life expectancy.

Empties lifetable files that may have been filied on

a previous run.

Return to main menu.

IV. Outputs—print, store, or see results

Printer
File

Graph

Sends CLE file to a printer (if installed).

Makes a PRN file of CLE data: This can be edited
like any other file for text processing.

Displays a graph of change in life-years compared
with cohort.

V. Way Out—exit to other parts of the system: The first two lead to

further menus
Lives
Schools
Occupation
Lead
Way Out
Return
Value
TC WTP
FA WTP
AA WTP
CvVoL
HK + IVOL
Way Out
Return
Quit
Return

Lifetable adjusters

Asbestos in schools

Occupational asbestos

Lead in gasoline

Return to exits menu

Return to main menu

Numerical benefits measurements
Time-consistent WTP measures
Conventional fixed ity WTP

Myopic adjustable annuity WTP measures
Time-consistent value of life measures
Human capital and fixed annuity VOL measures
Return to exits menu

Return to main menu

Leave the model altogether

Return to main menu
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Table A.3
STRUCTURE OF EXPOSURE MENU FOR OCCUPATIONAL
ASBESTOS MODEL
Default
Value
Exposure
Base Life Lifetable to be adjusted 1979 VS
Old Exp. (Constant) prepolicy exposure 200
New Exp.  (Constant) postpolicy exposure 10
Policy Date Calendar date of abatement 1985
Begin Exp. Age at which exposure begins 20
End Exp. Age at which exposure ends 65
Return Return to main menu
BL = S(BL) x GL + K(BL). (A1)

Diastolic blood pressure (BP) is modelled as a loglinear function of
blood lead:

BP - S(BP) x BL + K(BP). (A.2)

Mortality (M) is modelled as a linear function of diastolic blood pres-
sure:

M = S(M) x BP + K(M). (A.3)

BENEFITS ASSESSMENT

The models in this component convert pairs of lifetables into a
variety of dollar-valued measures according to formulas provided in
. Sec. IIl. The “way out” or exits submenu is the same for all models
and will not be repeated here to saye space. In addition, all the models
have the same menu structure, which is described in Table Ab.

AN ILLUSTRATIVE COMPUTATION

Suppose we wish to compute the human capital and conventional
value of life measures of a policy designed to reduce school exposure to
asbestos. The target population consists of individuals born between
the years 1960 and 1990. The school was built in 1950, and the 1983



Table A.4
EXPOSURE AND DOSE-RESPONSE MENUS FOR LEAD IN
GASOLINE MODEL
Default
Value
Exposure
Base Life _ Lifetable to be adjusted
Old exp. Prepolicy blood lead level 1.10
New exp. Postpolicy blood lead level 0.10
Policy date  Calendar date at which level declines 1985
Return Return to main menu
Dose-Response
K(BL) Baseline blood lead 17
S(BL) Slope of blood lead-gas lead relation 2.181
K(BP) Baseline diastolic blood pressure 72
S(BP) Slope of blood pressure-In(blood lead) relation 4.609
K(M) Baseline mortality rate 21.615
S(M) Slope of mortality-blood pressure relation 0.387

exposure level was 150 ng /m3. The policy is expected to reduce expo-
sure to a constant level of 5 ng,/m3. The default values for the epi-
demiology model are used.

The target population does not discount the future but is relatively
risk-averse (8 = 0.2). The maximum five-year income level is assumed
to be 120000, and the time pattern of income follows the default pat-
tern. WTP is to be assessed at the policy date.

Table A.6 lists the keystrokes necessary to carry out this computa-
tion and describe the contents of the output files produced. The sym-
bol ~ stands for the Return Key.! Now the program will fill the lifetable
files, labelled “LT1” to “LT7”. It will also fill a file labelled “CLE”
containing data on the change in life-years. This is not used in the
model but may be of independent interest. When the top menu
returns, the computation is finished.

The final output file will contain a label section giving details of the
case, together with a listing of benefits by cohort. The benefits mea-
sures in this case include human capital, together with value of life
measures that use the conventional (fixed annuity) scenario, and vary
according to foresight (perfect, imperfect, and none) and reference
position (compensating surplus and equivalent surplus).

1If you are asked to enter any value and the default value is acceptable, simply press
“Return” to proceed.



Table A.5
MENU STRUCTURE FOR THE VALUATION MODELS
Menu Item Description Default
1. Utility—sets parameters of utility function and income
Interest Common interest rate and rate of time preference 5%
Risk Parameter of risk aversion, 8 0.2
Maxinc Mazximum income level per five years 24000
Profile Income profile as fractions of maximum
Back Return to main menu

I1. Case—sets dates and assigns identifying number.
Case # A label which is copied to the output file along with the utility

and date values
Begin _ Calendar year of the initial cohort
End Calendar year of the final cohort
Policy Date Calendar year of policy change
Mode Determines whether WTP is assessed for the policy date (the

default) or for a fixed chronological age. To set an age, select

this option, type an age divisible by 5, and then press “return”.

Return Return to main menu

III. Go—automatically computes benefits for each five-year cohort.
The output is stored in a file whose first letters identify the
measure and whose subsequent letters are supplied by the user
to identify the case. '

IV. Outputs—Print, store, or see output.

Printer Prints the output file

File Creates a text-processor edit file of output
Graph Displays a preset graph contrasting the measures
Return Return to main menu

V. Way Out— See Table A.2.




Table A.6
KEYSTROKES USED IN ILLUSTRATIVE COMPUTATION

Keystrokes Function

/irlg” Recalls the asbestos in schools lifetable adjuster

e Selects the “Exposure” submenu (Table A.2)

8150° “g” allows entry of 1983 exposure level (= 150)

n5~ “n” allows entry of postpolicy exposure (= 5)

ra Returns to main menu, then selects Autocase option

g Allows initial and final cohorts to be entered
1960"1990" Enters initial and final cohorts, initiates computation

w Selects the exits menu

v Selects the valuation option

h Selects the “HK + Inc. VOL” submodel, which will now appear on the screen
u Allows entry of utility and income data

i0” Sets the interest rate at 0 percent

m120000  Sets the maximum five-year income at 120000

b Returns to main menu

c Allows entry of case data

cl Labels this “case 1” (this is optional)

b1960” Sets initial cohort

1990™ Sets final cohort

p1985” Sets policy date

r Returns to main menu

g Runs the computation. When the machine pauses, type
1 This labels the output worksheet “IV1”

dg This displays a graph of the results: When you type Return again, the graph

will disappear and you will return to the Display menu
Ends the session.
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