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Abstract

Environmental risks may comprise the most important policy-related application of the economics of 
risk and uncertainty. Many biases in risk assessment and regulation, such as the conservatism bias in 
risk assessment and the stringent regulation of synthetic chemicals, reflect a form of ambiguity aver-
sion. Nevertheless, there is evidence that people can learn from warnings and risk information, such 
as Toxics Release Inventory data, consistent with Bayesian models. The fundamental uncertainties with 
respect to environmental risks are coupled with irreversibilities, making sequential decisions and adap-
tive behavior desirable. Uncertainties over the benefits and costs of mitigating environmental risks 
pose challenges for any regulator, but insights drawn from the instrument choice literature can inform 
the design and implementation of welfare-maximizing environmental pollution control policies. The 
problem of mitigating climate change risks motivates a series of illustrations of how uncertainty affects 
policy.
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10.1  INTRODUCTION

Perhaps the most important policy area in which risk and uncertainty come into play 
is with respect to environmental risks. Health and safety hazards of course arise with 
respect to products and jobs as well, and financial risks pose potentially large welfare 
losses also. However, in these contexts there is usually some kind of functioning market 
that will foster incentives for safety and efficient outcomes. These market operations 
may be imperfect, and the incentives they engender may be inadequate, but the risk is 
nevertheless the result of some kind of market transaction. In instances in which these 
transactions are flawed, there are often ex post remedies in the form of legal liability for 
injuries, such as when the injurer is negligent.

The characterization of environmental risks is quite different. These hazards typi-
cally are the result of public exposures to risks, not voluntary market-based transactions. 
Even in situations in which market forces come into play, as in the case of a person 
who purchases a less expensive house in a polluted area, there is usually no transmit-
tal of an incentive to the polluter, who generally is not a party to the transaction. 
Similarly, in the absence of specific laws or regulations prohibiting pollution, there is 
no duty on behalf of the polluter that would lead to legal liability for the pollution. 
It is, of course, possible to purchase insurance for many environmental hazards such as 
floods and earthquakes, but doing so does not affect the probability of the event since 
nature has no financial stake in the outcome. As a result, the range and scope of envi-
ronmental risks for which there is some form of government regulation is quite broad. 
Indeed, as the review of environmental regulations utilizing the value of statistical life 
methodology in Chapter 7 indicates, there is more regulatory activity with respect to 
environmental risks than all other health and safety hazards addressed through U.S. 
government regulations.

Our focus here is not on cataloging the entire range of environmental policies 
but on articulating some of the key economic principles as they relate to the risk and 
uncertainty aspects of policies. We begin in Section 10.2 with a review of the general 
manner in which environmental agencies assess risks, followed by a detailed examina-
tion of risk assessment practices in the U.S. The methodologies examined in detail 
in Section 10.3 are quite general, though the institutional biases vary internationally. 
Though risk assessment practices would appear to be outside the domain of economic 
analysis, current risk assessment procedures embody policy-related decisions and 
implicit economic judgments. Situations involving risk are often characterized by dif-
ferences in risk information. As a result, various forms of risk communication can also 
be useful, as explored in Section 10.4. Many of the most daunting environmental risks, 
such as climate change, are coupled with substantial uncertainties about the risk. Many 
environmental risks involve a latency period and, in some cases, such as climate change, 
also have effects that extend for many decades and even centuries, which influences the 
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consideration of the benefits of mitigating climate change risks. Section 10.5 examines 
the uncertainties characterizing the benefits of mitigating environmental damages. 
Section 10.6 turns to the uncertainties in the costs of mitigating environmental dam-
age, with particular attention to policy-related uncertainties. Uncertainties over benefits 
and costs pose potentially severe challenges when coupled with the irreversible aspects 
of environmental damages. Section 10.7 examines the economic frameworks that have 
been developed to address these issues. Section 10.8 explores the nature of policy instru-
ment choice under uncertainty, beginning with fundamental concerns of the choice 
between regulating prices or quantities. Section 10.9 concludes by highlighting some 
open, pressing economic concerns.

10.2  GENERAL RISK ASSESSMENT METHODOLOGY
10.2.1 Hazard Identification
Much of the impetus for risk assessment stemmed from the 1983 report of the National 
Research Council, Risk Assessment in the Federal Government: Managing the Process. The 
report recognized that a key component of assessing environmental policies is “the 
reliability and objectivity of scientific assessment that forms the basis for federal regula-
tory policies applicable to carcinogens and other public health hazards.” Such concerns 
clearly require the input of natural scientists. However, ascertaining how risks should be 
assessed is not an inherently neutral exercise and has a fundamental impact on how risks 
enter an economic analysis of an environmental policy. Our fundamental assumption is 
that government policies should be risk-neutral and that the policy objective should be 
to maximize the difference between expected benefits and expected costs. Individual 
risk aversion of those affected by the policies may of course affect the assessment of the 
expected benefit levels. Actual policy practices may be quite different than one would 
expect in an unbiased assessment. One cannot necessarily assume that the risk values 
used in policy analyses, such as the estimated probability of cancer from exposures 
to pollution, correspond to actual probabilities since often there are many judgments 
incorporated in these assessments. In effect, in much the same way that people may 
exhibit various types of irrationality, such as ambiguity aversion, the risk analysis process 
itself may incorporate policy perspectives that incorporate biases that distort the actual 
risk levels. Government practices consequently may institutionalize individual irratio-
nalities (Viscusi, 1998).

Examination of the underlying components of the analysis is essential for making 
unbiased assessments of the merits of policies. If the economic analysis is confined to 
monetizing the endpoints, such as assigning a dollar value to the costs and the expected 
lives saved, the estimation of the expected benefits and costs will not reflect the overall 
benefits and costs to society unless the underlying risk estimates are derived from an 
unbiased evaluation of the probabilities and outcomes.
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Because government regulators often assumed that regulation could make lives 
risk-free, a frequent starting point for risk assessments is to determine risk at the no-
observed-effect levels (NOELs) and the no-observed-adverse-effect levels (NOAELs) of 
exposure to chemicals, where these levels are based on short-term, acute animal studies. 
To extrapolate these NOEL and NOAEL results to humans and to ensure a reasonable 
certainty of no harm, analysts then assumed that the safe exposure level for humans 
required that the threshold animal risk exposure levels had to be divided by 100. This 
factor is based on the unsupported assumption that people are 10 times as sensitive to 
risks as animals and that the heterogeneity in susceptibility to risk across the popula-
tion may differ by a factor of 10. Conservative assumptions such as these will tend to 
systematically bias risk estimates upwards.

Hazard identification is the initial step before a substance is regulated. If a hazard is 
found to pose a nonzero risk, such as a risk of cancer, then it is pertinent to ascertain the 
magnitude of the risk, the expected benefits associated with reducing the risk, and the 
costs associated with such a reduction. To determine whether a substance is hazardous, 
environmental regulators rely on animal bioassay studies and, in less frequent instances, 
on epidemiological studies. Such epidemiological studies are less frequent because of 
the difficulty of accounting for the correlation of the risk exposure with unobservable 
characteristics and the complications induced by the long latency period for cancer. 
When combining the results of the studies, the U.S. Environmental Protection Agency 
(EPA) (1987) procedures give greater weight to studies that show a carcinogenic effect 
than those that do not, even if the studies are equally credible and based on the same 
sample size. Thus, the informational weight placed on the results is not independent of 
the implied risk value. Interestingly, this inequality of weighting of the results in which 
a greater weight is placed on the high risk estimate mirrors a common behavioral bias 
noted below in which individuals place a disproportionate weight on high risk estimates 
when the results of different studies conflict.

The categories of risk used for environmental carcinogens follow the National Research 
Council (1994) guidelines for risk assessment. Substances categorized as human carcinogens 
or probable human carcinogens are possible candidates for quantitative risk assessment. An 
intermediate category of possible human carcinogens, for which there is limited evidence of 
carcinogenicity based on animal data but no human data, are considered on a case-by-case 
basis. The categories for which no risk assessment is undertaken are those that are not clas-
sifiable with respect to human carcinogenicity, as when there are no data, or for which there 
is no evidence of carcinogenicity based on either animal or human studies.

10.2.2 Assessment of Dose-Response Relationships and Exposures
If a substance is carcinogenic, the next task is to ascertain the risk level associated with 
the exposure to the chemical, or the dose of the particular agent. As with the evidence 
determining carcinogenicity, there is heavy reliance on the results of animal studies for 
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which adjustments must be made both with respect to extrapolating to humans and the 
variation in the risk for different dosage amounts. More typically, a study determines 
a maximum tolerated dose, after which scientists fit curves to the observed positive 
risk level and associated dose based on assumptions about the shape of the relationship. 
This curve could be linear starting at the origin, or it could have a threshold exposure 
amount below which the risk is zero, or there could be a nonzero background risk and 
consequently a positive intercept. The dose-response relationships are usually taken as 
given components in the economic analysis of a policy’s benefits, but should not neces-
sarily be regarded as unbiased assessments of the risk.

The pertinent dose amount depends on the estimated risk exposure (EPA, 1992). 
Determining the risk exposure involves multiple components. Consider the risk expo-
sure assessment for a particular individual. How is the person exposed to the risk? In 
the case of hazardous waste sites, the exposure could be through the air that the person 
breathes, water that the person drinks or that comes in contact with the skin such as 
while bathing, dirt that has dermal contact or is eaten, or food such as fish that has been 
contaminated by the pollutant. These different means of exposure to risk are generally 
characterized as risk pathways. For any given risk pathway, the next task is to determine 
how much exposure the person has to the chemical and how often the exposure occurs. 
What is the concentration of the chemical? What is the frequency and duration of the 
exposure? What is the body uptake from these exposures? These amounts will vary 
across the population and possibly with respect to different environmental conditions, 
such as what part of the hazardous waste site is associated with the risk exposure.

10.2.3 Risk Estimation
In some environmental contexts, the key risk value of policy purposes is the prob-
ability of an adverse outcome, such as the probability of cancer (EPA, 1996; European 
Commission, 1996). In the case of EPA hazardous waste policies, the probability of 
cancer alone is a trigger for policy remedies (Hamilton and Viscusi, 1999). In particular, 
if the hazardous waste site poses a lifetime excess cancer risk above 10e-4, then cleanup 
of the site is warranted. In the case of sites for which the cumulative lifetime excess can-
cer risk is in the range of 10e-6 to 10e-4 or the site poses a relatively great noncancer 
risk value (i.e., a noncarcinogenic hazard quotient, or relative risk level, above 1), then 
remedial action is discretionary. For sites posing cancer risks below 10e-6 and relative 
noncancer risk levels below 1, cleanup action is not warranted. Thus, a cleanup decision 
can be dictated by risk probability levels wholly apart from estimation of the expected 
benefits and costs of cleanup.

In regulatory contexts subject to more formal policy tests of economic attractive-
ness, such as those associated with major new rulemakings, the assessed probabilities are 
coupled with outcomes associated with these probabilities. The correct calculation of 
the risk amount for valuation purposes is straightforward. Multiplying the probabilities 
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of different possible outcomes by the associated outcome, such as the number of lives 
saved in that state of the world, produces the expected risk level. What is reported in 
practice may not, however, correspond to the expected risk but more often pertains to 
an upper bound value on the risk that is characterized as the risk estimation.

The incorporation of upward biases in risk estimation poses challenges both for 
policy evaluation but also for risk communication. If the analysis yields an overestimate 
of the risk, then communicating that information to the public will not foster more 
accurate risk beliefs. In situations where it is possible for the public to assess the accuracy 
of the information, overstatements of the risk may jeopardize the long-run credibility 
of the government agency.

10.3  RISK ASSESSMENT POLICY ISSUES
10.3.1 Risk Assessment for Hazardous Waste Sites Case Study
It is frequently noted that government risk practices incorporate a variety of conser-
vatism assumptions that may affect policy assessments (Nichols and Zeckhauser, 1986). 
Such assumptions distort policymaking so that there is typically no way to ascertain 
how a precisely estimated risk compares to an uncertain risk that has been the subject 
of various conservatism biases. Understanding how these conservatism assumptions arise 
and the extent of the biases resulting from these assumptions is exemplified by consid-
ering hazardous waste cleanup policies as a case study. For concreteness consider the 
pathway involving ingestion of contaminated dirt. Because the risk calculation includes 
multiple components, there are multiple ways in which distortions in risk assessment 
can be introduced.

The lifetime excess cancer risk (LECR) is given by the product of five variables 
divided by the product of two variables:

where
ED = exposure duration,
EF = exposure frequency,
IR = ingestion rate,
CC = contaminant concentration,
TOX = toxicity,
BW = body weight and
AT = averaging time.
The two numbers in the denominator are unbiased estimates, or population means. 

However, each of the five numbers in the numerator is some kind of upper bound 
value. The particular nature of the upper bound varies. In some instances in which the 

(10.1)LECR = (ED × EF × IR × CC × TOX)/(BW × AT),
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distribution of the variable across the population can be determined from the literature, 
the upper bound of the 95th percentile is often used in the calculation. In other cases, 
such as contaminant concentration, the worst-case concentration at the site serves as 
the value of the variable. Note too that the toxicity assumption, or the dose-response 
relationship, is an upper bound value as well, but by no means the only upper bound 
value in the analysis.

The result is that the conservatism biases are compounded. Suppose that the risk 
level is the product of a series of independent and identically distributed lognormal 
parameters (Burmaster and Harris, 1993; Cullen, 1994). Even with only three such 
variables for which the 95th percentile is used in the calculation, the risk estimate would 
not be at the 95th percentile but at the 99.78th percentile of the risk distribution. With 
four parameters, the risk estimate is at the 99.95th percentile of the risk distribution. 
Using Monte Carlo techniques to analyze 85 hazardous waste sites, and assuming both 
independence of the parameters and adjusting for all components other than the toxic-
ity value, for over two-thirds of the sites the risk estimates were at the 99th percentile or 
higher (Viscusi et al., 1997). The extent of the overestimation of the risk is roughly two 
orders of magnitude without also accounting for the upward bias in the dose-response 
relationships.

10.3.2 Precautionary Principles
The types of conservatism biases incorporated in risk assessment practices are consistent 
with various formulations of precautionary principles. There are many manifestations 
of precautionary principles that have been suggested for environmental regulations. In 
the extreme case, the precautionary principle could take the form of requiring that a 
product or technology be proven to be safe before it can be introduced. Such a formu-
lation creates a bias against new technologies and is also inconsistent with the nature of 
classical statistical hypothesis testing in which it is possible not to reject the null hypoth-
esis of zero risk at some given level of confidence, but it is not possible to prove that a 
particular risk exposure entails zero risk.

Sound economic formulations of the precautionary principle, such as those in 
Gollier and Treich (2003), draw on the option value literature in their conceptual-
izations. The precautionary principle embodies an approach in which decisions are 
viewed as sequential decisions rather than single period optimizations. In such contexts, 
information acquisition and adjustment is feasible. Following Arrow and Fisher (1974) 
and Henry (1974), investing with no chance of dis-investing is often undesirable, as 
preserving flexibility for future decisions is often preferable to undertaking an irrevers-
ible decision now.

A particularly useful distinction drawn by  Gollier and Treich (2003)  is between pre-
vention and precaution. Actions that serve as a form of prevention decrease the risk at 
any given time, where the analyst assumes that there is a stable probability distribution. 
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In contrast, precautions are temporary, flexible measures designed to take advantage of 
learning about the scientific uncertainties. Their general result is that a precautionary 
approach will tend to leave open the option of reconsidering development and will 
favor flexibility in the policy.

While there is a well-developed economic literature consistent with applications of 
the precautionary principle, in practice the precautionary principle has been viewed 
as an alternative to applying an economic analysis approach that recognizes trade-offs 
between benefits and costs. Lofstedt (2004) reviews the policies in Europe, where 
Sweden instituted the most stringent precautionary principle in 1969. In short, the pre-
cautionary principle reversed the burden of proof for environmentally hazardous activi-
ties. Thus, a producer would have to demonstrate that the technology was safe before it 
could undertake production of the product. Other countries and the European Union 
have developed approaches that are less stringent and are more in line with Germany’s 
less stringent “cautionary principle.” The general cautionary principle guideline is “to 
prevent the development of harmful effects” rather than to certify the safety of an 
undertaking in advance.

Notwithstanding the softening of the precautionary principle, which occurred in 
part because of the threat that strict application of the precautionary principle posed 
to economic development, there has been a continued shift away from this approach. 
As Lofstedt (2004) chronicles, the principal alternative that has gained credibility is that 
of regulatory impact analysis. Such an application of benefit-cost analysis to regulatory 
policies need not be inconsistent with economic frameworks that recognize potential 
benefits from precaution, but they do not take a rigid, risk-based approach that is inde-
pendent of the other consequences of a policy.

10.3.3 Synthetic and Natural Chemicals
A related form of conservatism bias is linked to the source of the risk. A prominent 
example is the treatment of natural chemicals as compared to synthetic chemicals. 
Because synthetic chemicals tend to be often new and natural chemicals are not, people 
may have tighter prior beliefs concerning natural chemicals than synthetic chemicals. 
Thus, aversion to synthetic chemicals can be viewed as a manifestation of ambiguity 
aversion (Ellsberg, 1961; Camerer and Weber, 1992) applied to situations involving 
losses. Such beliefs may not always be unwarranted if there is in fact learning that has 
taken place with respect to natural chemicals based on past experiences. However, such 
learning is often highly impressionistic, and it may be that the perceptions regarding 
synthetic chemicals are based on a form of ambiguity aversion rather than substantive 
beliefs. Alternatively, one might be able to de-bias people with respect to ambiguity 
aversion by indicating that an ambiguous lottery often can be converted into an equiva-
lent reference lottery involving hard probabilities (Raiffa, 1961). Other types of persua-
sion may also be effective in overcoming ambiguity aversion (Charness et al., 2013).
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The nature and extent of any biases in treatment can be examined by considering 
the results of tests of natural chemicals and synthetic chemicals for carcinogenicity. For 
each of these classes of chemicals, government agencies use the results of animal studies 
to ascertain the maximum tolerated dose of the chemical. Based on such tests, about 
half of all tested natural chemicals and half of all synthetic chemicals have been found 
to be rodent carcinogens (Ames and Gold, 1990; Ames et al., 1990). Such carcinogens 
are present in widely consumed products that would be judged to be very safe based 
on the absolute value of the risks that are posed. Roasted coffee contains more than 
1,000 chemicals, and 19 of the first 26 that were tested were found to be carcinogenic 
(Ames and Gold, 1996). The risks that natural chemicals pose to humans are not less 
than those posed by synthetic chemicals, as the body’s defenses against the risks posed by 
synthetic chemicals are similar to those posed by natural chemicals (Ames et al., 1990; 
Jakoby, 1980).

The potential for biases against synthetic chemicals is also borne out in regulatory 
policies. Viscusi and Hakes (1998) constructed a sample of 350 chemicals that had been 
tested for cancer potency. Using this sample, it was possible to control for the carci-
nogenicity of the chemical in terms of the dose that led to 50% of the deaths of the 
tested animals. Agencies varied in their bias against synthetic chemicals. For EPA and 
the Occupational Safety and Health Administration, the effect of cancer potency on the 
probability of regulation was equivalent for synthetic and natural carcinogens. However, 
the Food and Drug Administration placed disproportionate weight on cancer potency 
for synthetic carcinogens, which is consistent with the agency’s approach to food addi-
tives under the so-called Delaney Clause, or the Food Additives Amendment to the 
Federal Food, Drug, and Cosmetics Act.

For this sample, it is also possible to estimate the role of risk potency on the likeli-
hood of regulation. Other aspects of the regulatory context being equal, a higher risk 
potency score should increase the expected benefits of regulation. The principal mea-
sure of risk potency is the TD50 value for male and female rats, which is the quantity 
of the chemical when administered chronically that causes half of the rats in the sample 
to develop tumors. Lower TD50 values are associated with greater riskiness. EPA regu-
lations are responsive to the risk level in the expected direction, whereas the opposite 
effect is observed for FDA regulations, which target risks that are less serious threats and 
involve synthetic chemicals.

10.3.4 Real Versus Perceived Risks
The analysis thus far has focused on objective measure of the risk. Thus, in the case 
of policies that affect individual mortality risks, the benefits consist of the value of the 
expected number of lives saved given objective estimates of the change in mortality 
risks. An alternative approach is to value the policy effects in terms of the public’s per-
ceptions of the expected risk reduction. Thus, the policies that would garner the most 
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attention would be those that the public believed posed the greatest threats, irrespective 
of the level of the actual threat. Political pressures to regulate are more likely to be based 
on perceived rather than actual risks so that the political impetus for regulation may not 
be aligned with the actual risk threat. In much the same manner, government policy 
makers may be subject to the same kinds of biases and heuristics that have led to the 
public’s misperception of the risk. Public opinion polls have long indicated a mismatch 
between environmental risks that the public views as the most pressing concerns and 
the risks that the scientific community views to be greatest.

Consider the following example, inspired in part by Portney’s (1992) Happyville 
parable. Suppose that there are two equally costly policy options to reduce different 
risks. Suppose that there are differences in risk judgments. For concreteness assume that 
the scientific experts have perfect information, but the public relies on their subjective 
risk beliefs. Both risk experts and the public agree that option A will save 10 expected 
lives. For option B there is a divergence of judgments, as experts believe that the policy 
is relatively ineffective and will save only one expected life, whereas the public believes 
that option B will save 100 expected lives. The clear political favorite will be option B 
even though option A will generate more risk reduction benefits.

The policy choice ultimately involves a choice between addressing real risks or 
enacting policies that reflect the political will and consequently abide by the revealed 
preferences of the general public. According to the advocates of option B, choosing 
option B is consistent with respecting citizen sovereignty in much the same manner as 
economists believe that respect for the efficiency properties of markets respects con-
sumer sovereignty. This analogy does not seem compelling since even in the case of 
market behavior consumer sovereignty is not absolute. If consumers underestimate the 
risk of a product, then there is a potential rationale for the government to regulate the 
product as risk levels in the market will be above their efficient level. Similarly, govern-
ment policies can be misdirected by inaccurate beliefs.

A potentially sounder rationale for the perceived risk emphasis of option B is that 
there may be real economic benefits associated with addressing people’s fears irrespec-
tive of whether they have a sound basis. The resolution of lotteries over time may entail 
worry and anxiety effects. Even if a risk is not real or substantial, those exposed to the 
fear of that risk may suffer a welfare loss. In addition, fear of a hazard may generate 
actual economic costs. If a person sells a house near a hazardous waste site because of 
an irrational fear of contamination from the site, then there will be transactions costs as 
well as possible actual welfare loss associated with the move.

One potential policy alternative to being restricted to option A and option B as per-
ceived by the public is to address the fundamental source of the inefficiency, which are 
the inaccurate beliefs of the public. Doing so requires that the government undertake 
an effective risk communication effort to provide accurate information in a convincing 
manner.
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The economic consequences of biases in risk beliefs and the potential for over-
coming such biases are manifested by consumer responses to risks posed by hazardous 
wastes. Public opinion polls consistently place hazardous waste exposures among the 
most salient environmental risks. Similarly, there is evidence that the public tends to 
overestimate these risks (McClelland et al., 1990). This overestimation in turn leads 
to inordinately large housing price effects whereby the implicit value per expected 
case of cancer exceeds the usual range of estimates of the value of a statistical life. 
However, after the EPA releases its remedial investigation of the hazardous waste site, 
which summarizes scientists’ estimates of the risk, this information generates a hous-
ing market response whereby the implicit value of expected cases of cancer is of the 
same general magnitude as estimates of the value of a statistical life in labor markets 
(Gayer et al., 2000). Other studies likewise indicate that toxic waste sites (Michaels 
and Smith, 1990; Kolhase, 1991) and other environmental disamenities such as pol-
lution levels and incinerators generate housing price effects (Portney, 1981; Kiel and 
McClain, 1995).

The appropriate cleanup of hazardous wastes should be based on efficiency concerns 
and reflect society’s willingness to pay for risk reduction rather than distributive con-
cerns (Hird, 1990; Caputo and Wilen, 1995). However, only a minority of hazardous 
waste sites reduce risks with a cost per case of cancer prevented of under $100 million, 
so that the cost-effectiveness of these policies is out of line with market valuations of 
risk (Hamilton and Viscusi, 1999). The disposal of low-level radioactive wastes is subject 
to similar inefficiencies (Cohen, 1981; Coates et al., 1994).

10.4  RISK COMMUNICATION
10.4.1 A Bayesian Model of Risk Information Processing
Information about risks can often foster better decisions. Better information improves 
public policy decisions, private firms’ decisions, and individual consumer decisions. 
Information provision and disclosure comprises a large class of potentially effective 
environmental policies (Tietenberg, 1998). Policies in the environmental context may 
use information in different ways. Pesticides and chemicals may bear hazard warnings 
because the use of the product by consumers cannot be monitored, so that providing 
information may foster appropriate precautionary behavior. Some of these precau-
tions may affect the individual’s well-being, as in averting potential injury from using a 
dangerous product, while other warnings may be designed to protect the environment 
by, for example, fostering safe use and disposal of chemicals. Labels indicating the fuel 
efficiency and environmental impacts of new automobiles serve such a dual function, as 
they seek to convey information about the private fuel economy savings of more fuel 
efficient vehicles as well as the societal benefits that certain vehicles offer in terms of 
reduced emissions of carbon and other pollutants.
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To analyze how information affects risk beliefs, consider the following Bayesian 
learning model. We assume the priors can be characterized by a Beta distribution (Pratt 
et al., 1995). Suppose the person underestimates the level of the risk and has prior risk 
beliefs p of the adverse outcome, where p < p*, which is the true probability of the 
adverse outcome. The associated precision of the prior is γ. Thus, the prior is tanta-
mount to having drawn γ balls from a Bernoulli urn, where a fraction p indicates that 
the adverse outcome has occurred. Similarly, let there be an informational policy that 
conveys a probability q with informational content ξ. Then, for a rational Bayesian, the 
posterior risk belief p′ after seeing the new information is given by

There are several results pertaining to the effectiveness of warnings that are borne 
out in this equation. If the communicated risk q is the same as p, then the level of risk 
beliefs will not change after receiving the information, but the precision of the risk 
beliefs will increase, thus reducing the degree of uncertainty around the prior belief. 
Reminder warnings that do not convey new information have generally not been 
effective in altering behavior because they do not affect risk beliefs (Adler and Pittle, 
1984). The credibility of the warning depends on the relative weight accorded to the 
information, or the ratio of ξ to γ. The information has greater effect on risk beliefs as 
the relative credibility increases. Situations in which people have very tight prior beliefs, 
or in this notation, very large values of γ, are less susceptible to being influenced by 
informational policies.

Application of this framework to patterns of risk beliefs also predicts the observed 
biases in mortality risk beliefs. Suppose people have prior risk beliefs p that are the same 
for all different kinds of death. Thus, in the absence of information, the risk belief is p, 
which would be the vertical intercept on a curve linking perceived risks to actual risks. 
Suppose that for each cause of death people receive the same amount of information 
about the pertinent risk q. Then the slope of the linear relationship between perceived 
and actual risks will be given by ξ/(γ + ξ) < 1. In contrast, the 45-degree line for 
which perceived risks equal actual risks has a slope of 1.0 so that Bayesian beliefs with 
respect to risks will generate the established pattern of overestimation of small risks and 
underestimation of large risks.

The Bayesian model can be modified to incorporate ambiguity aversion. Suppose 
the risk p′ is that of an adverse outcome. Thus, for income y, there are two possible 
outcomes, being healthy with utility u(y) and being injured or dead with utility func-
tion v(y). With standard expected utility models, the expected utility after receiving 
the information is (1 – p′)u(y) + p′v(y). However, suppose that with ambiguity aversion 
there is an ambiguity aversion effect a( p, γ, q, ξ) that reduces the assessed probability 

(10.2)p
′

=

γ p + ξq

γ + ξ
.
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of a favorable outcome but does not affect the assessed probability of an unfavorable 
outcome. Thus, expected utility EU with ambiguity aversion is consistent with both the 
aversion to ambiguous chances of winning a prize in the Ellsberg experiment and ambi-
guity aversion in situations in which there is the chance of a loss. Then EU is given by

Estimates of this model for ambiguous environmental risks by Viscusi and Magat 
(1992) found that ambiguity aversion increased with the spread of the risk range, or the 
difference between p and q, but at a diminishing rate.

Whether behavior is ambiguity averse or ambiguity seeking with respect to losses 
depends on the characteristics of the ambiguous lottery. In a study of business owners 
and managers, Viscusi and Chesson (1999) found that for low probabilities of cata-
strophic storm damage, subjects were ambiguity averse, but for extremely high prob-
abilities, they were ambiguity seeking. To the extent that most environmental risks 
tend to involve low probabilities, one would expect ambiguity aversion to be the more 
common phenomenon.

These formulations utilizing Bayesian models to analyze the formation of risk beliefs 
in the presence of risk information generalize to situations of multiple information 
sources as well. Suppose that qi is the risk implied by information source i, and ξi is the 
associated information content of source i, i = 1, 2. Then the posterior risk belief p′ after 
seeing both forms of risk information is given by

Thus, posterior risk beliefs can be viewed as a weighted average of prior risk beliefs 
and each source of information, where each different information source is weighted by 
the fraction of the total informational content associated with that information source.

The potential influence of multiple sources of information is often complex. 
Suppose that there are different information sources, such as government and industry. If 
equally credible government studies are the source of the risk information, then let the 
informational weight ξ1 pertain to both studies. Similarly, if both studies are by industry, 
then let information weights be given by ξ2 for both studies. However, if the parties 
disagree, then the information weight accorded to each source should be ξ1 for govern-
ment studies and ξ2 for industry studies. However, the experimental results reported in 
Viscusi (1997) are inconsistent with this formulation. When two parties disagree, as in 
the context of a risk debate, people place a very high weight on the worst-case estimate 
and gravitate to this value when forming their posterior beliefs. This result is an extreme 
case of ambiguity aversion. When there are two divergent risk estimates, but from the 

(10.3)EU = (1 − p
′
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′
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same source, respondents tend to report posterior values just above the midpoint of 
the range, consistent with ambiguity aversion. Interestingly, the public risk debate over 
nuclear power in Taiwan did not reduce the public’s alarmist assessment of the risk (Liu 
and Smith, 1990), which also is consistent with people focusing on worst-case estimates 
in the presence of a risk debate.

10.4.2 Warnings Policies
A well-established form of information provision is the use of warnings policies. 
Informational efforts of this type are particularly valuable for dealing with environmen-
tal risks, many of which involve low probabilities that are not well understood (Camerer 
and Kunreuther, 1989). In many cases, the warnings are on-product warnings. Linking 
the warning to the product, as done for warnings on containers for household chemicals 
and pesticides, facilitates the receipt and processing of the warning message in conjunc-
tion with use of the product. In other contexts, such as warnings of impending natural 
disasters, the warning may be through the media. Because responses to warnings are 
voluntary, they are sometimes accompanied by mandatory requirements, such as those 
with respect to evacuating areas if there is a catastrophic hurricane that is threatening.

Such mandates may be desirable since the evidence with respect to people’s ability 
to adapt to information about natural disasters is mixed. There is some experimental 
evidence that people fail to learn adequately from their experience with respect to low-
probability, high-consequence events (Meyer, 2012). Similarly, people seem to be better 
able to learn from experimentation with high-probability risks than low-probability 
risks (Shafran, 2011), which is problematic since many catastrophic events involve low 
probabilities. However, there is also evidence of responses to experiences with natural 
disasters that are more consistent with rational learning. In the case of risks from torna-
does there is evidence of housing demand effects with respect to variations in tornado 
risks across different areas in tornado-prone states (Sutter and Poitras, 2010). Tornadoes 
and hurricanes also induce both the expected housing responses as well as responses 
by insurers to perceived changes in the risk level (Smith et al., 2006; Born and Viscusi, 
2006).

Although warnings are now an accepted part of the informational landscape, they 
have not always been the norm. In the U.S. the first law requiring the imposition of 
warnings was the Federal Caustic Poison Control Act in 1927. This Act required on-
product “Poison” warnings for 12 very dangerous chemicals, including hydrochloric 
acid and sulfuric acid. The next major warnings policy was the Federal Food, Drug, and 
Cosmetic Act in 1938. This Act imposed warnings on prescription drugs to indicate any 
adverse reactions and possible drug interactions.

The first specifically environmental warnings followed the passage of the Federal 
Insecticide, Fungicide, and Rodenticide Act in 1947. After the passage of this law, insec-
ticides and herbicides were required to have hazard warning labeling. These warnings 



Environmental Risk and Uncertainty 615

requirements have continued to the current time. Firms submit draft warning labels to 
EPA for approval so that all labels are reviewed by the agency but there is no required 
standardization of formats. The passage of the Federal Hazardous Substance Labeling 
Act in 1960 extended the domain of warnings policies to include substances that are 
flammable or radioactive. The law also specifies the use of human hazard signal words, 
“Danger,” “Warning,” and “Caution.”

In 1966, cigarettes became the first consumer product to bear a warning for risks 
that arise from a product even if used in the manner that the manufacturer intended. 
There have been changes in cigarette warnings over time, as they now include warnings 
about risks to others with respect to environmental tobacco smoke and risks to the baby 
if the mother smokes during pregnancy.

The 1980s marked a major shift in warnings efforts with the emergence of various 
“right-to-know” efforts. In 1983 the Occupational Safety and Health Administration 
issued its hazard communication regulation that for the first time required the labeling of 
dangerous chemicals in the workplace, other than the aforementioned 12 most danger-
ous chemicals. EPA began disseminating information regarding toxic exposures, so that 
broadly based environmental hazards also became the focus of the informational efforts.

A general economic purpose of such warnings efforts is to foster more accurate 
risk beliefs. Particularly for hazards that are not well known, people may underestimate 
the risk, so that p < p*. However, for many risks that are known and highly publicized, 
people may exhibit a tendency to overestimate the risk. In the case of mortality risks 
of death, empirical evidence suggests that people overestimate small risks of death, such 
as risks from being killed by a tornado or a hurricane, and underestimate the much 
more serious risks of death, such as the chance of dying due to a stroke or heart disease 
(Lichtenstein et al., 1978). A similar characterization of risk beliefs in which small prob-
abilities are overestimated and large probabilities are underestimated is incorporated as 
an assumption in Kahneman and Tversky’s (1979) prospect theory.

Such a pattern of biases in risk beliefs has two additional consequences. First, if peo-
ple overestimate small probabilities, then reducing the probability to zero will have an 
effect on the risk belief that is greater than the actual reduction of the risk. Thus, there 
is a certainty premium for the elimination of a risk. Second, to the extent that the risk 
belief function flattens the relationship between the perceived probability and the actual 
probability, the incremental benefits of taking precautionary actions will be reduced.

The accuracy of risk beliefs also varies with different environmental contexts. 
Kunreuther et al. (1978) found that people underestimated the risk of many natural 
disasters and failed to purchase adequate insurance. In contrast, the discovery that the 
bottled water Perrier contained benzene led to a recall of the product and a dramatic 
reduction in Perrier’s market position. Highly publicized risks associated with hazardous 
waste sites may have an inordinate effect on house prices (McClelland et al., 1990) that 
is far out of proportion with the actual extent of the risk.
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Whether warnings foster more accurate risk beliefs depends in part on the nature of 
the warnings message. Few warnings convey probabilistic information, and the provision 
of any quantitative information remains fairly unusual. When quantitative information 
is provided, it is often only partial. Thus, people may be informed that m people in a 
population of n people are killed by an environmental exposure, but unless they know 
the denominator n, or the number of people exposed to the risk, it is not feasible to 
construct the risk probability m/n that corresponds to the risk probability.

It is common for public risk information efforts to communicate only the numera-
tor, such as the number of people killed due to a specific class of risks. However, 
doing so creates the potential for highly distorted risk beliefs. In situations in which 
the denominator is not communicated, there tend to be biases in subsequent risk 
beliefs. When the exposed population is small, people may underestimate the risk 
when presented with information about the numerator alone, but when the exposed 
population is very large there is a well-established tendency of denominator blindness 
whereby people subsequently overestimate the risk level (Viscusi and Zeckhauser, 
2004). Accomplishing the ultimate objective of leading people to have accurate beliefs 
is often difficult given the challenges that communicating and processing risk informa-
tion often present.

10.4.3 Cognitive Factors and Information Processing
The manner and extent to which a person processes warning information is dependent 
on the person’s cognitive abilities. Even if the warning is received and read, it neverthe-
less may not be understood and may not affect the person’s risk beliefs. If there were no 
cognitive limits, one could provide people with estimates of carcinogenicity from the 
scientific literature and let them make their own risk assessments. Wholly apart from 
issues pertaining to lacking the requisite scientific background, such a risk communica-
tion approach would exceed the person’s ability and willingness to process the warning 
information. As a result, most effective warnings are fairly concise and easily understood.

Experimental structures in which consumers gave responses to different warnings 
for chemicals and pesticides yield evidence of such limitations (Viscusi and Magat, 1987; 
Magat and Viscusi, 1992). The first form of limitation is that of label clutter. If there is 
too much crowding of the information with respect to the dimensions of the labeling 
space, the warning will be difficult to process. Once a warning is relatively unclut-
tered and in legible print size it will be possible to read and understand the warning. A 
second potential limitation of warnings is that of information overload. People gener-
ally are able to process up to four to five pieces of information from a warning. Very 
extensive warnings are less effective as people are unable to process the overall mes-
sage. Appropriately designed warnings that provide new information can and do affect 
behavior, both for household chemicals and pesticides as well as for other environmental 
risks such as radon (Smith et al., 1988).
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One can apply these considerations to the recently enacted EPA warning label to 
promote fuel economy and the environment. The motor-vehicle label is intended to 
inform consumers at the time of purchase of the characteristics of the car. For fuel 
efficiency concerns, the label provides redundant information in terms of the miles per 
gallon and fuel costs for trips. This information is targeted primarily at the consumer’s 
financial self-interest. The environmental information is less concrete as there are 
relative ratings of performance with respect to conventional pollutants and the carbon 
footprint, though the relative weights and absolute impacts on the environment are 
unclear. Conveying the environmental information is more challenging because the 
consequences are societal benefits, not private monetary benefits. Moreover, it may be 
intrinsically difficult to quantify or compare the multidimensional environmental con-
sequences of vehicle use.

10.4.4 Toxics Release Inventory
A large scale information dissemination effort is EPA’s Toxics Release Inventory (TRI). 
As a result of the Emergency Planning and Community Right-to-Know Act of 1986, 
beginning in 1989 EPA made available information on chemicals firms discharged into 
the environment, where this information was generated by the TRI system’s reporting 
requirements. The congressional voting in favor of this program was consistent with the 
district-level incidence of the effects of the program (Hamilton, 1997). The TRI policy 
served as an integral component of community right-to-know efforts that had emerged 
in the 1980s. Toxic releases do not, however, necessarily imply human exposures so the 
presence of releases is not tantamount to a hazard warning.

Whether making information about toxic releases available will be useful depends on 
the accuracy of the information. The reporting of emissions may be incomplete or inac-
curate, but these do not appear to be serious problems with the TRI. Most of the failures to 
comply with the reporting requirements appear to be due to ignorance with respect to the 
program requirements and procedures rather than deliberate attempts to be evasive (Brehm 
and Hamilton, 1996). However, there is evidence that firms did not accurately report their 
chemical levels based on Benford’s Law, whereby the first digits of the TRI data should 
follow a monotonically decreasing distribution (de Marchi and Hamilton, 2006).

Notwithstanding some inaccuracies in the data, the program generated informa-
tional content that was found to be valuable. As documented by Hamilton (1995, 2005), 
the main audience for the information often was not the general public but was jour-
nalists and investors. But for this audience, the TRI program provided new information 
as evidenced by its effects. There was considerable variation in both the coverage and 
consequences of the toxic release information. Overall, the stock market events associ-
ated with publication of information on a firm’s toxic releases has led to significant 
negative abnormal returns. Worsening performance over time strengthens these negative 
effects (Khanna et al., 1998; Khanna and Anton, 2002).
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Konar and Cohen (1997) observe that several different influences could account 
for this stock market effect. Firms with large toxic releases per firm revenue amount 
could have inefficient technologies. The large emissions also may trigger opposition to 
the firm by local environmental groups and may make the firm a more likely target of 
future government regulation.

A principal objective of the information dissemination is not only to promote 
awareness but also is to create incentives for firms to reduce their emissions, and to 
reduce the associated risks as well. That emissions might change in response to incen-
tives generated by the market is not surprising. For example, Sigman (1996) found that 
waste management was sensitive to state tax levels. If an environmental disclosure pro-
gram can create similar financial incentives, then one likewise would expect there to be 
an effect on toxic wastes.

In analysis of emissions in the form of air carcinogens, Hamilton (1999, 2005) found 
that as the pollution data became public, firms reduced their emissions, with the largest 
reductions being for emissions that posed the greatest health risks. The effects of TRI 
on voluntary emissions reductions also are more substantial in states with large environ-
mental group membership, as these states pose a greater threat of mandatory regulation 
(Maxwell et al., 2000). If, however, the emissions pose threats to neighboring states 
rather than the state in which the plant is located, the political pressures are reduced and 
there is a weaker effect observed in such border locations (Helland and Whitford, 2003).

One component of the TRI effort is its 33/50 Program, in which EPA announced 
a goal of reducing releases and transfers of 17 target chemicals by 33% by 1992 and 
by 50% by 1995. Arora and Cason (1995) found that firms were more likely to join 
this program if they were large firms with substantial consumer contact. Participation 
is subject to selection effects so that conceivably only firms with low emissions or that 
were planning emissions reductions would join. However, Khanna and Damon (1999) 
found that the program did indeed lead to reductions in toxic releases.

Whereas studies of hazardous waste sites have indicated often substantial hous-
ing price effects based on individual home sales, analysis by Bui and Mayer (2003) 
of repeat sales did not find an effect of TRI reporting on housing prices at the zip 
code level. The housing price effects of listings in the TRI may be more localized 
and more directly linked to human health threats than is apparent at a broad level of 
aggregation. That there might be such effects is borne out in the analysis by Currie 
et al. (2013) of 1,600 openings and closings of plants that emit toxic pollutants. They 
find that housing prices drop by 1.5% when plants are opened, rise by 1.5% when 
plants close, and that effects are more concentrated close to the plant, such as within 
a one-half mile radius.

Other publicly available environmental information efforts likewise could induce 
a policy effect. For example, information about violations of drinking water standards 
will enable consumers to switch from community tap water to bottled water (Bennear 
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and Olmstead, 2008). This information may be particularly valuable to the elderly and 
groups at high risk from contaminated water.

10.5  UNCERTAINTY IN ESTIMATING THE BENEFITS OF MITIGATING 
ENVIRONMENTAL DAMAGES

Uncertainty over environmental damages can take several forms, but can be simply 
described as unknown uncertainties and known uncertainties. In the former case, some 
environmental pollutants are not known to cause adverse health or environmental harm. 
Scientific research—on the properties of potential pollutants and on the relevant epi-
demiology—can reduce some of these unknown uncertainties. In some cases, environ-
mental policy progresses without full resolution of such uncertainties. For example, the 
1990 Clean Air Act Amendments established a sulfur dioxide emission trading program 
intended to reduce the adverse impacts of acid rain. Subsequent analyses that included 
more recent epidemiological scholarship show that while the program has helped 
reduce acidification of waterways and forests in the eastern United States, the economic 
benefits from reduced premature mortality, which were not considered in the design 
of the program, amount to as much as $100 billion annually (Schmalensee and Stavins, 
2013). Other environmental policy interventions, however, represent cases in which 
the monetized health benefits are much smaller than the costs (failing on efficiency 
grounds) and smaller than the benefits of other, similar health policy interventions (fail-
ing on cost-effectiveness grounds) (Viscusi and Gayer, 2002).

Once an uncertainty, such as premature mortality risk, is known, then the ques-
tion becomes one of precision in estimating the benefit of reducing the risk. This will 
reflect the distributions over key parameters in mortality risk reduction, in particular, 
the estimated dose-response relationship and the estimated value of statistical life. As 
the discussion in sections 10.2 and 10.3 illustrates, the dose-response relationships that 
represent the chain of events from emission of an environmental pollutant to a change 
in an outcome valued by an individual involve meaningful uncertainty. Efforts to esti-
mate the benefits of combating climate change illustrate the significant uncertainty that 
characterizes the problem.

10.5.1 Uncertainty over the Benefits of Mitigating Climate Change
Consider an example of the various elements of uncertainty associated with the risks 
posed by global climate change. Billions of decisions made each day—driving a car to 
work, charging a mobile phone, manufacturing steel, harvesting crops, etc.—have an 
impact on greenhouse gas emissions. Over time, the flow of carbon dioxide (CO2) and 
other greenhouse gas emissions may change due to population growth, technological 
change, and economic development. These emissions accumulate in the atmosphere, 
although some molecules will dissolve in the ocean or be sequestered in biomass 



Joseph E. Aldy and W. Kip Viscusi620

relatively quickly and some molecules will reside in the atmosphere for thousands of 
years. The resulting increase in the atmospheric concentration of carbon dioxide will 
then drive changes in temperature, with a “likely” range of 1.1 to 6.4 degrees Celsius 
by 2100 (Solomon et al., 2007, p. 13; italics in original). The increase in temperatures 
will affect a myriad of outcomes, such as sea level rise, extreme weather events (such 
as droughts, floods, typhoons, etc.), agricultural productivity (with some gains and 
some losses around the world), the range of infectious diseases, ecosystem services, etc. 
over decades and centuries. The severity of these impacts will depend on the extent 
of adaptation (and perhaps geoengineering to offset the atmospheric accumulation of 
greenhouse gases), and the economic magnitude of the damages will also depend on 
the characteristics of economic development over long time horizons. Uncertainty 
characterizes each step in this process, and in aggregate, for at least some potential states 
of the world, it may not be possible to precisely sign the economic damages associated 
with climate change (Tol, 2009).

Economists have employed integrated assessment models in an effort to estimate the 
potential economic damages associated with global climate change. These models inte-
grate information along each one of the points in the process from economic activity 
to greenhouse gas emissions to a change in the global climate to economic damages. A 
common output of such models is the social cost of carbon: the present value economic 
damage from the emission of another ton of carbon dioxide. It can also serve as the esti-
mate of the marginal benefit of avoiding the emission of another ton of carbon dioxide, 
and standard benefit-cost analysis would suggest setting a Pigouvian tax on greenhouse 
gas emissions equal to the social cost of carbon.

In its recent review of the externality costs of energy production, the National 
Research Council (2010) reported that the economic damage associated with an incre-
mental ton of carbon dioxide emissions could be on the order of $1 to $100. The NRC 
noted that about one order of magnitude reflects uncertainty in estimating climate 
change damages and about one order of magnitude reflects the choice of discount rate.

Tol’s (2009) review of the social cost of carbon literature drew from 232 pub-
lished estimates and found that the average social cost of carbon is $105 per ton CO2 
(1995US$) with a standard deviation of $243. The median social cost of carbon is $29 
per ton CO2, revealing the significant impact that large, adverse impacts have in esti-
mating the mean measure. The 95th percentile in the sample of social cost of carbon 
estimates compiled by Tol is $360 per ton CO2. The average social cost of carbon for 
those analyses employing a 3 percent discount rate is $18 per ton CO2, about one-fifth 
the magnitude of the social cost of carbon for those analyses employing a 1 percent 
discount rate.

The U.S. government published estimates of the social cost of carbon for use in 
economic evaluations of regulatory proposals that affect carbon dioxide emissions 
(Interagency Working Group on the Social Cost of Carbon, 2010, 2013; Greenstone  
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et al., 2013). This effort involved Monte Carlo analysis employing three prominent inte-
grated assessment models used frequently in this literature, the DICE model (Nordhaus, 
2013), the FUND model (Anthoff and Tol, 2013), and the PAGE model (Hope, 2011). 
A given model run (1) draws from a set of economic, energy, and population trajectories 
to forecast economic growth and greenhouse gas emissions; (2) draws from a distribu-
tion for the climate sensitivity parameter, which represents the extent of warming for 
a doubling of atmospheric carbon dioxide concentrations; and (3) draws from one of 
three discount rates, 2.5 percent, 3.0 percent, and 5.0 percent. Each model runs out to a 
distant time horizon, ranging between 2200 and 3000 depending on the model.

The U.S. government issued new estimates for the social cost of carbon in the spring 
of 2013. These revisions reflect only changes in the underlying damage functions in the 
DICE, FUND, and HOPE models made by the original model developers when updat-
ing their models to the latest understanding of climate impacts. There were no changes 
in the assumptions about economic growth, climate sensitivity, discount rates, or any of 
the other factors accounted for in the 450,000 Monte Carlo simulations undertaken in 
this updated guidance. With the updated climate damage functions, the average social 
cost of carbon for 2020 increased by nearly two-thirds from $26 per ton CO2 to $43 
per ton CO2 (Interagency Working Group on the Social Cost of Carbon, 2013). This is 
more than double the median social cost of carbon of about $20 per ton CO2 for 2020. 
In this revision, the average social cost of carbon for scenarios based on a 2.5 percent 
discount rate is $65 per ton CO2, more than five times the average social cost of carbon 
for scenarios based on the 5 percent discount rate. Figure 10.1 illustrates the uncertainty 
in these estimates by presenting a censored histogram of the 450,000 model simulations; 
the full distribution of estimates extends into the tens of thousands of dollars, negative 
and positive, for the estimated social cost of carbon.

Figure 10.1 Distribution of social cost of carbon estimates for 2020. Source: Interagency Working 
Group on the Social Cost of Carbon (2013).
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The Tol survey of the literature and these two U.S. government analyses, based on 
three of the most prominent models in the economics of climate change literature, illus-
trate much of the uncertainty that characterizes efforts to estimate the benefits of miti-
gating climate change. First, the estimated benefits vary significantly depending on the 
choice of discount rate (see section 10.5.2 for further discussion of this issue). Second, 
the estimated benefits vary significantly depending on the trajectory of future economic 
growth, which affects the extent of warming, the economic magnitude of damages, 
and the capacity for adaptation. Third, the estimated benefits vary significantly with 
the scientific relationship between increased atmospheric concentrations of greenhouse 
gases and warming. The representation of catastrophic climate change in integrated 
assessment models remains a challenge. Pindyck (2013) claims that a major flaw in the 
U.S. government’s estimated social cost of carbon and in most academic estimates of the 
social cost of carbon is the failure to account for catastrophic climate change outcomes.

Indeed, it is uncertainty about climate sensitivity that has motivated much of the 
so-called “fat tails” and catastrophic climate change debate (Weitzman, 2009, 2011; 
Nordhaus, 2011; Pindyck, 2011). Weitzman’s (2009) so-called dismal theorem suggests 
that the structural uncertainty that characterizes catastrophic climate change risks is 
“capable of swamping the outcome of any benefit-cost analysis that disregards this 
uncertainty” (Weitzman, 2011, p. 288). The risk of catastrophic climate change can be 
represented as the product of the magnitude of the potential welfare loss from catastro-
phe and the probability of the catastrophe. Weitzman notes that the critical question is 
whether this product goes to zero, implying that the probability declines faster than the 
growth in welfare loss, or if it goes to some large and potentially unbounded welfare 
loss.

Using Bayesian analysis, Weitzman posits an uninformative, scale-invariant prior 
distribution for the “diswelfare” of climate change, effectively a measure that accounts 
for climate sensitivity, the temperature increase associated with a doubling of preindus-
trial CO2 concentrations, and the welfare losses associated with warming. Based on 22 
distributions of climate sensitivity published in the scientific literature, Weitzman uses 
this information to update prior to produce a posterior distribution that is a so-called 
fat tail distribution (i.e., a distribution that has power-law tails).1 The underlying uncer-
tainty about extreme warming—in part because of the very limited statistical record 
about the historic relationship between atmospheric greenhouse gas concentrations and 
warming—effectively drives a “fattening” of the tail of the distribution in the Weitzman 
model.

Weitzman describes some potential states of the world with such high levels of cli-
mate sensitivity that the warming, on the order of 10 °C or more globally, could cause 

1  Nordhaus (2011, 2012) critiques Weitzman’s construction of his posterior distribution by noting that it is inappropri-
ate to assume independence across each published distribution in the literature given the correlations across studies in 
terms of underlying data and models.
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some places in the world to become uninhabitable and cause consumption to decline 
to zero. In the standard constant relative risk aversion utility model, employed in several 
models in the integrated assessment literature, consumption declining to zero causes 
utility to go to negative infinity (for risk-averse agents with elasticities of the marginal 
utility of consumption bounded from below at one). As a result, the gist of Weitzman’s 
dismal theorem is that the probability of a catastrophic climate event declines to zero 
at a slower rate than utility declines to negative infinity, and expected marginal utility 
effectively explodes.

Newbold and Daigneault (2009) and Nordhaus (2011, 2012) note that Weitzman’s 
dismal theorem is not robust to variations in the functional forms employed to represent 
utility, consumption, and climate sensitivity. Nordhaus (2012) illustrates that the dismal 
theorem only holds when distributions are very fat-tailed and utility functions show 
very high risk aversion. Moreover, Nordhaus (2012) critiques the dismal theorem for 
lacking actionable policy content. Consider the Nordhaus classification scheme for tail 
dominance. First, a problem could be characterized by tail irrelevance: the distribution 
of a random variable that describes a problem does not influence policy or its outcome. 
Second, a problem could be characterized by weak tail dominance: the tails of the distri-
bution matter, but a close examination of the tails results in an identification of optimal 
policy and outcomes (i.e., convergence). Third, a problem could be characterized by 
strong tail dominance: as one goes further and further out into the tail of the distribu-
tion, the preferred policy continues to change, and as a result there is no optimal policy 
(i.e., unbounded outcomes). In effect, the dismal theorem represents the problem of 
climate change as displaying strong tail dominance, without policy. Nordhaus argues that 
efforts to trim the tail of the distribution in order to avoid catastrophe, such as through 
geoengineering options that limit warming via the stratospheric injection of aerosols to 
reflect incoming solar radiation, converts the problem of strong tail dominance without 
policy to one of weak tail dominance with policy. Aldy et al. (2010) describe in further 
detail the potential trade-offs between very ambitious emission abatement and deploy-
ment of a portfolio of last-resort technologies, such as geoengineering and air capture to 
remove greenhouse gases from the atmosphere, as means to address catastrophic climate 
change risks.

Setting aside the issues associated with construction of the posterior distribution 
and the choice of utility function, the debate around the dismal theorem including the 
Nordhaus policy critique raises important questions about how society should approach 
low-probability catastrophic outcomes. How does society identify potential catastrophic 
events? More specifically in the context of climate change, what additional research 
could better inform our understanding of catastrophic outcomes (Pindyck, 2013)? Given 
the ambiguity in the climate science, do insights about individual ambiguity aversion 
inform consideration of societal ambiguity aversion? What are the implications for ben-
efit-cost analysis and in operationalizing the precautionary principle of low-probability, 
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large-magnitude events? How would alternative decision-making frameworks approach 
these questions (Millner, 2013)? How should society consider weighting the foregoing 
of current consumption to avoid uncertain, presumably low, but unknown probabilities 
of future catastrophic climate change (Summers and Zeckhauser, 2008)?

10.5.2 Long-term Damages and the Discount Rate
Damages over decades and even centuries characterize an array of environmental 
problems. The emission of ozone-depleting substances, such as chlorofluorocarbons, 
degraded the stratospheric ozone layer, which absorbs some incoming ultraviolet radia-
tion and effectively reduces the incidence of skin cancer, cataracts, and various kinds of 
harm to crops and natural vegetation. Efforts to phase-out ozone-depleting substances 
represent some of the most impressive success stories in international environmental 
policy coordination (Barrett, 2003). Significant reductions in ozone-depleting sub-
stances occurred over the 1990s and 2000s and will deliver environmental and health 
benefits over more than a century given the long time that it takes for stratospheric 
ozone concentrations to return to preperturbation levels. Likewise, the management 
of radioactive waste from civilian nuclear power plants involves planning on the order 
of millennia given the long half-lives for some of the radioactive elements produced 
through the power-production process.

The challenge of global climate change also involves consideration of the very long 
term. Some greenhouse gases, such as methane, reside in the atmosphere for a little more 
than a decade, while some synthetic perfluorocarbons may reside in the atmosphere for 
millennia. The most common greenhouse gas, carbon dioxide, decays over a long period 
of time, with as much as 35 percent of CO2 emissions today likely to remain in the 
atmosphere for 200–2,000 years (Archer et al., 2009). The very long time horizon over 
which greenhouse gas emissions accumulate in the atmosphere and affect the global 
climate has important implications for the estimation of the damages associated with 
global climate change. Indeed, this issue has motivated an extensive literature on the 
question of how to appropriately account for economic damages occurring generations 
in the future in any evaluation of contemporary climate change mitigation policy. While 
a full review of the issues in intertemporal welfare economics is beyond the scope of 
this chapter, we focus on how uncertainty about future states of the world affects how 
an analyst may calculate the present value benefits associated with mitigating distant-
future climate change.2

A stylized example illustrates how uncertainty about the discount rate affects the 
estimated present value of a distant, future event. Suppose that a project yields $100 of 

2  For a review of the broader literature on discounting, refer to Heal (2005, 2007), Arrow et al. (2012), and Arrow et al. 
(1996). For discussions of discounting in the context of climate change, refer to the September 2007 symposium on 
the economics of climate change in the Journal of Economic Literature.
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benefits in 100 years. Consider two equally plausible states of the world in 100 years’ 
time, state A with a discount rate of 1 percent and state B with a discount rate of 5 
percent. The present value of benefits in state A is about $37 and the present value of 
benefits in state B is about 75 cents. The average present value is about $18.50, taking 
these states as equally likely, but the present value of the average discount rate of 3 per-
cent would be much smaller, about $5.20. The certainty-equivalent discount rate that 
yields the average present value of these two states is about 1.7 percent.

This example shows how uncertainty over the discount rate effectively reduces the 
discount rate over longer and longer time horizons (Weitzman, 2001). Over time, the 
high-discount rate state of the world carries less weight in calculating the expected 
present value because it effectively discounts itself toward zero faster than low-discount 
rate states of the world. Modifying this example for a project yielding $100 benefits in 
200 years with the same states of the world would produce a certainty-equivalent dis-
count rate of about 1.35 percent. As the time horizon extends to infinity, the certainty-
equivalent discount rate will converge to the lowest possible discount rate among the 
states of the world under consideration (1 percent in this example). Thus, a benefit-cost 
analysis that accounts for uncertainty in the discount rate should average discount rate 
factors (e−rt), which enter linearly in expectations, not discount rates (r), since dis-
counted values are a convex function of the discount rate (Newell and Pizer, 2003b).3

Newell and Pizer (2003b) analyze historic interest rates to present an illustration of 
the effect of uncertainty over future discount rates on the present value of distant future 
events. The starting point for their analysis is that the discount rate is generally under-
stood today (e.g., based on market rates for government bonds), but that the discount 
rate could change over time. They employ data for about 200 years on U.S. government 
bonds and assume that the historical pattern of changes in the interest rates on these 
bonds can inform and perhaps reveal likely patterns of future changes in discount rates. 
The estimated statistical models show persistence and uncertainty in historic interest 
rates. Based on the estimated statistical models, they undertake 100,000 simulations of 
three scenarios: a constant 4 percent discount rate (which corresponds to the average 
rate in their sample); a mean-reverting model that starts at 4 percent; and a random-walk 
model that starts at 4 percent. In each simulation, they estimate the present value of $100 
at various points of time in the future. If the historic pattern over the past 200 years 
holds for the next 200 years, then the random walk model certainty-equivalent discount 
rate falls from 4 percent to 1 percent. Groom et al. (2007) extend on this work with a 

3  Gollier (2010), Gollier and Weitzman (2010), and Weitzman (2010) address the so-called Weitzman-Gollier puzzle: use 
the lowest possible discount rate for estimating present value benefits for very distant events (Weitzman) and use the 
highest possible discount rate to estimate the very distant future value of an investment made today (Gollier). They 
find that their two approaches are identical when adjusting probabilities for risk and allowing for agents to optimize 
their consumption plans. As a result, the general intuition in the example holds: the appropriate long-run discount rate 
declines toward its lowest possible value over time.
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broader set of statistical models and find similar results. A recent panel of leading experts 
on discounting advised consideration of such reduced-form estimates of certainty-
equivalent discount rates in setting a declining discount rate schedule for long-term 
environmental policy (Arrow et al., 2012).

10.6  UNCERTAINTY IN THE COSTS OF MITIGATING ENVIRONMENTAL 
DAMAGES

Mitigating environmental damages typically involves real resource costs characterized 
by significant uncertainty. Uncertainty about markets may affect the supply and/or 
demand for pollution-intensive goods, and the potential necessary scope and form of 
environmental policy. In some cases, the novelty of the environmental problem may 
raise questions about the costs and efficacy of new pollution control strategies under 
consideration by firms. The prospect of technological innovation, albeit uncertain, may 
identify opportunities to mitigate environmental damage. Substantial uncertainties 
associated with public policy intended to reduce pollution—on the timing, form, and 
impact of such policies—also affect the costs borne by the private sector.

10.6.1 Market and Technology Uncertainty
Firms and individuals make decisions in markets in the face of uncertainty about the 
returns to those decisions. The underlying source of the uncertainty could be related 
to uncertainty about technological innovation, uncertainty about the limitations and 
opportunities under public policy (whether it’s environmental regulation, changes in 
the tax code, monetary policy, etc.), or uncertainty about the decisions of the myriad 
of market participants that impose pecuniary externalities on other participants in the 
market. A few illustrations can convey the gist of this point, and section 10.7 provides a 
more rigorous discussion of how uncertainty affects investment.

In 2008, world crude oil prices increased to all-time nominal and real highs, result-
ing in higher prices for gasoline and diesel. This increase in fuel prices reflected, in large 
part, an unexpected increase in demand in Asian emerging economies. The run-up in 
gasoline prices drove a shift in the composition of new cars and trucks sold toward more 
fuel-efficient vehicles (Ramey and Vine, 2010), adversely impacting auto manufacturers 
with a sales fleet oriented toward sport utility vehicles, light trucks, and minivans (such 
as GM and Chrysler). The higher gasoline prices also reduced vehicle miles traveled and 
fuel consumption by the existing fleet, adversely affecting the returns to oil refineries.

The so-called shale gas revolution in the United States has significantly affected the 
power sector as well as many local communities. As a result of the expansion of hydrau-
lic fracturing techniques to extract natural gas from shale formations, the United States 
has reached an all-time high in gas production that has pushed down natural gas prices 
dramatically since 2008. Electric utilities responded to the dramatic decline in natural 
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gas prices (and decline in the relative gas-coal price) by dispatching more electricity 
from gas plants that resulted in lower carbon dioxide (CO2) emissions and the lowest 
share of U.S. power generation by coal in some four decades (Aldy, 2012). While this 
expansion of shale gas has changed the U.S. power market, it has also affected many of 
the local communities where production takes place, including impacts on local labor 
markets, infrastructure, and air and water quality.

Volatile energy prices may inhibit energy-related innovation, but higher prices typi-
cally induce innovation. Empirical evaluations of the impacts of energy prices on mar-
kets over the long run have found that higher prices induce more innovation, measured 
by frequency and importance of patents (Popp, 2002). In response to higher energy 
prices, manufacturers increase the commercial availability of more energy-efficient 
products, especially among energy-intensive goods such as air conditioners and water 
heaters (Newell et al., 1999).

10.6.2 Policy and Regulatory Uncertainty
Firms may face uncertain environmental policy compliance costs given uncertainty 
about the form and stringency a public policy intervention may take. Will the govern-
ment employ conventional command-and-control regulatory mandates? Or an emis-
sion tax? Or cap-and-trade? For that matter, will the government pursue subsidies for 
pollution control equipment in lieu of regulation? Will the government delay action 
to learn more about the environmental problem and the prospects for technology to 
address the problem? Will industry preempt government action through voluntary 
initiatives to mitigate pollution? How do business cycles and political cycles affect the 
timing of government regulatory action?

Firms often have to form some kind of expectation about future policy and 
regulatory actions to inform current investment decisions (Dixit and Pindyck, 1994; 
Bernanke, 1983). For example, the U.S. Energy Information Administration under-
takes an energy forecast for the United States through its Annual Energy Outlook, 
which includes details on expected investment in new energy infrastructure. Based on 
its outreach to firms making investment decisions in the energy sector, the U.S. EIA 
(2013) assumes a higher cost of capital for greenhouse gas emission-intensive projects, 
such as coal-fired power plants and coal-to-liquids plants, roughly commensurate 
with a $15 per ton carbon price. This reflects what the forecasters learned from the 
market participants: the prospect of some kind of future greenhouse gas regulatory 
regime—cap-and-trade, carbon tax, or command-and-control mandates—suggests 
that only those emission-intensive projects that are likely to be profitable in such a 
regulatory environment will go forward. This represents a way in which the forecaster 
accounts for the industry’s expectation of a regulatory regime in its deterministic 
model to forecast the energy economy. It recognizes that heterogeneity in subjec-
tive probabilities from one firm’s management to another, as well as updating as new 
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information comes along, suggests that firm- and date-specific expected regulatory 
burden could vary from this value.

Moreover, uncertainty due to the implementation of environmental policy can also 
affect expected and realized costs of controlling pollution. Consider a few lessons from 
the sulfur dioxide (SO2) cap-and-trade program. First, some firms made investments 
in SO2 emission control technology that may have appeared optimal ex ante, but were 
more costly than necessary given the clearing price of emission allowances in the early 
years of trading. The irreversibility of these technology investments and expectation 
errors—i.e., individual firms expecting higher emission allowance prices than were 
realized—contributed to lower than expected allowance prices (Montero and Ellerman, 
1998). Second, the empirical evaluations of the cap-and-trade program show that it 
delivered lower compliance costs than conventional command-and-control mandates, 
but it did not realize the least-cost potential (Carlson et al., 2000; Ellerman et al., 2000). 
Firms realized significantly different marginal abatement costs (Carlson et al., 2000), in 
contrast to the theory that suggests that firms’ marginal abatement costs would converge 
on the emission allowance price. This may reflect the irreversibility of investments and 
the volatility in allowance prices evident in Figure 10.2. The high frequency of changes 
in allowance prices may make it challenging for a power plant operator to modify 
capital in a way to ensure that its marginal abatement cost equals the tradable allowance 
price at every point in time.

Figure 10.2 U.S. Sulfur dioxide allowance prices, 1994–2010. Source: Cantor Fitzgerald Market Price 
Index for current year vintages.
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While these first two lessons reflect the uncertainty that may be expected under any 
cap-and-trade program, because of the uncertainties associated with any new market 
that requires irreversible investment (more on this in sections 10.7 and 10.8), a third les-
son reflects the explicit actions of the government to modify the environmental regula-
tory regime. The sharp run-up in allowance prices over 2004–2006 was driven in large 
part by a proposed air quality regulation that would have effectively reduced the value 
of banked emission allowances and thus increased the price of allowances. The dramatic 
decline in allowance prices occurred after a Federal court ruling rejected the air quality 
regulation, which was then followed by different air quality rules that would have the 
intent of significantly limiting trading (Schmalensee and Stavins, 2013). As a result, the 
prospect of changes in the rules of a cap-and-trade program, especially one that allows 
for the banking of allowances for future use, can influence current allowance prices and 
hence the costs of compliance to regulated firms.

In 2012–2013, the European Union (EU) debated a variety of proposals to address 
concerns about low allowance prices in the Emission Trading Scheme (ETS). These 
low prices are a function of the recessionary economy characterizing much of the EU 
as well as other policies, such as subsidies for renewable power, that reduce demand for 
emission allowances under the ETS. The EU has considered making future emission 
caps more stringent in order to increase the allowance price. The spot market for allow-
ances has moved with every piece of news as market participants update their subjective 
probabilities over the potential for tighter emission caps in the future.

Nordhaus (2007) noted the significant volatility in the prices for sulfur dioxide emis-
sion allowances and remarked that comparable volatility in a U.S. economy-wide carbon 
dioxide cap-and-trade program could adversely affect energy markets and investment 
planning. This volatility is evident in an array of emission allowance markets, including 
the U.S. nitrogen oxide (NOX) cap-and-trade program and the EU Emission Trading 
Scheme for carbon dioxide emissions, as well as the SO2 cap-and-trade program 
(Figures 10.2 to 10.4). Annual volatility—measured by the annualized absolute logarith-
mic month-to-month change in allowance prices—ranged from about 130 to nearly 
300 percent for these three allowance markets, significantly exceeding the volatility in 
crude oil prices over contemporary periods of time.

Consider the evolution of emission allowance prices in the EU Emission Trading 
Scheme over 2006–2007. In April 2006, allowance prices exceeded €30 per ton CO2, 
fell to less than €13 per ton CO2 the following month, and traded for less than €1 per 
ton CO2 a year later. To put these allowance prices in the context of U.S. energy mar-
kets, the effective carbon price would have been about 200 percent of the cost of coal 
delivered to U.S. power plants in April 2006, less than 75 percent of the cost of coal a 
month later, and about 5 percent the cost of coal delivered in May 2007.

The costs of complying with an environmental policy may depend in part on 
regulatory determinations made by other jurisdictions, which can affect environmental 
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Figure 10.4 EU emission trading scheme allowance prices, 2005–2012. Source: Datastream 
International (BlueNext Series).

Figure 10.3 U.S. Nitrogen oxide allowance prices, 2003–2009. Source: ICAP Energy.
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regulatory costs indirectly through private markets or directly through linked tradable 
emission allowance markets (in those cases in which cap-and-trade is the means of 
implementation). For example, the U.S. Environmental Protection Agency implemented 
the Reformulated Gasoline rule in 1995, intended to reduce emissions of local air pol-
lutants in the combustion of gasoline. Some states had discretion on whether they could 
require filling stations to carry the so-called RFG gasoline. In the months leading up to 
the implementation for the 1995 summer driving season, several state governments that 
had initially announced their intent to mandate RFG gasoline changed their decisions 
out of concerns of higher costs for the RFG gasoline (Mayer et al., 1995). Removing 
this demand for RFG effectively pushed down the retail price for RFG and thus low-
ered costs for those states and cities that were required by the U.S. EPA to use RFG. 
This also lowered the returns to refiners that had invested in RFG refining capacity.

The cost of complying with an environmental policy may depend on whether 
foreign trading partners engage in similar domestic environmental regulations. For 
example, manufacturers of goods that face extensive international competition may find 
it challenging to pass along environmental compliance costs if their foreign competi-
tors do not face similar costs. This issue of competitiveness has become prominent in 
the debate over climate change policy, although the estimated impacts in several studies 
suggest that political rhetoric overestimates the likely magnitude of costs borne by firms 
covered by greenhouse gas emission mitigation policies (Aldy and Pizer, 2009; Aldy et 
al., 2010).

In the context of global climate change policy, uncertainty in domestic abatement 
costs reflects in part the ultimate structure of an international climate policy architec-
ture, especially the extent of participation in linked emission trading markets (Jaffe and 
Stavins, 2010). For example, estimates by the U.S. government showed that a Kyoto 
Protocol expanded to include China, India, Brazil, and Mexico with unfettered inter-
national emission trading would lower the marginal abatement cost in the United States 
by about 80 percent relative to autarky (AEA, 1998). Such uncertainty in abatement 
costs may further weaken the incentive for countries to participate in an international 
climate agreement in the first place (Kolstad, 2007).

10.7  UNCERTAINTY AND IRREVERSIBILITY

Environmental policy almost always involves irreversibilities on both the benefits and 
the costs sides of the ledger. Environmental damage may be irreversible: clearing a for-
est, increasing atmospheric concentrations of long-lived greenhouse gases, or radioactive 
contamination of water are all permanent, at least over fairly long (if not infinite) tim-
escales. As noted in section 10.6, pollution control investments—such as installing pol-
lution scrubbers, engaging in long-term contracts for lower-polluting inputs, training 
personnel to better manage a pollution source—are typically sunk costs. Uncertainty 
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about the benefits of forestalling irreversible environmental damage or uncertainty 
about the costs and returns to undertaking pollution control can alter the standard net 
present value decision rule for projects and public policy if information can reduce 
uncertainty over time.

10.7.1 Arrow-Fisher Quasi-Option Value Model
Arrow and Fisher (1974) present a simple two-period model of a decision to develop 
an unspoiled, natural area.4 In the model, the decision maker may choose to develop the 
land in the first period, delay development until the second period, or choose not to 
develop the land in either period. Once developed, the land cannot be restored to its 
natural state (i.e., irreversibility).

The decision maker is initially uncertain about the second period benefits associated 
with the land in the undeveloped state. This uncertainty is resolved after the first period.

They show that the decision maker aiming to maximize social welfare may decide 
to delay development at least until after uncertainty about the benefits of preserving 
the land in its natural state is resolved. If the decision maker expects no new informa-
tion during the decision-making time frame (or if the problem is not characterized by 
uncertainty), then a simple comparison of expected benefits and costs could inform the 
decision to develop. The prospect of new information—and the value associated with 
this information—alters the decision calculus. There will be some cases in which devel-
opment in the first period would be optimal if there is no new information expected 
after the first period but for which preservation in the first period becomes optimal if 
information is expected after the first period.

This so-called quasi-option value represents the value of information about future 
environmental benefits conditional on the decision not to irreversibly degrade the envi-
ronment. Arrow and Fisher succinctly summarize their key finding at the close of their 
article: “Essentially, the point is that the expected benefits of an irreversible decision 
should be adjusted to reflect the loss of option it entails” (p. 319).

10.7.2 Dixit-Pindyck Real Options Model
Dixit and Pindyck (1994) develop many-period discrete and continuous time models 
to characterize investment decisions under uncertainty. They characterize the decision 
to invest as akin to the decision to execute an option. As long as a decision maker 
holds an option, she can decide to execute it any time, but once executed, she cannot 
reverse that decision. As in the Arrow-Fisher model, a decision maker may opt to delay 
the decision to execute an option, i.e., invest, if postponement may provide for the 
opportunity for uncertainty to be resolved or reduced. To be clear, postponing a deci-
sion to invest has value only insomuch as new information will become available, and 

4  Refer to Maler and Fisher (2005) for a technical review of the Arrow-Fisher and Dixit-Pindyck models.
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this information only has value if the decision maker has the opportunity to postpone 
investment.

Fisher (2000) illustrates the equivalence of the Arrow-Fisher and Dixit-Pindyck 
approaches to investment decisions characterized by irreversibility and uncertainty. 
Maler and Fisher (2005) provide a rigorous review of this modeling approach. Pindyck 
(2002) provides an application of the continuous time framework to an environmental 
problem with many of the same properties as climate change.

10.7.3  Integrating Arrow-Fisher and Dixit-Pindyck to Inform Climate 
Change Policy

Arrow and Fisher’s 1974 paper is one of the first economics papers to acknowledge 
the potential risks posed by climate change by noting that increasing atmospheric 
carbon dioxide concentrations could yield irreversible environmental impacts. Kolstad 
(1996a,b) undertook simulations to evaluate the impacts of the “dueling” irreversibilities 
of the climate change problem: what Pindyck (2007) describes as the sunk benefits of 
climate preservation versus the sunk costs of pollution control. Kolstad’s theoretical and 
simulation models find that the irreversibility effect associated with pollution control 
likely dominates the irreversibility effect of increasing atmospheric greenhouse gas 
concentrations. Thus, the socially optimal emission mitigation policy would require less 
mitigation in the early years if learning can reduce uncertainty over time than under 
a no-learning scenario. Likewise, Fisher and Narain (2003) find that the effect of sunk 
capital in pollution control dominates the effect of the climate change irreversibility 
effect, thereby supporting lower early-period emission mitigation than what an analysis 
that ignored irreversibility would deliver. Ulph and Ulph (1997) find ambiguous results 
in their analysis of climate change; under-control or over-control relative to the no-
learning scenario could be socially optimal depending on the parameterization of utility 
and production.

To be fair, the Kolstad finding results from the fact that in his model of damages, the 
irreversibility effect for climate change occurs only if there is the potential that future 
decision makers will want to undertake “negative emissions.” In his model calibrated to 
the state of knowledge in the early 1990s, this appeared to be quite unlikely. Given the 
rapid growth in global greenhouse gas emissions over the past two decades and some 
scientists’ calls for reducing atmospheric greenhouse concentrations below today’s lev-
els, the climate irreversibility effect would likely have a greater impact if Kolstad were 
to replicate his analysis with updated information. In addition, Kolstad (1996b) notes 
that risk aversion could motivate even greater emission abatement today to avoid the 
potential for catastrophic impacts in the future.

Manne and Richels (1992) describe how climate change policy can be thought of 
as a hedging strategy against potential severe climate change impacts. In particular, they 
address how the optimal hedging strategy varies with the quality and timing of new 
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information about climate impacts, i.e., the resolution of at least some of the uncer-
tainty characterizing the benefits of climate change mitigation. As a result, they call for 
a sequential process of taking action to mitigate emissions, then a process of learning 
about the efficacy of the action, followed by an informed, revised action to further 
mitigate climate change. Webster et al. (2008) show that the optimal amount of hedg-
ing depends on the extent of uncertainty and the degree to which the uncertainty can 
be reduced. Pindyck (2000) finds that the greater the uncertainty over benefits and/or 
costs, the stronger the incentive to delay taking action until the uncertainty is reduced. 
This effect is mitigated by a small decay rate, such as what characterizes the long atmo-
spheric lifetimes of greenhouse gases.

More recently, Pindyck (2013) has called for a similar hedging strategy to impose 
a modest carbon price on greenhouse gas emissions now and to undertake research to 
better understand the potential abrupt and catastrophic impacts of climate change. The 
learning from this research could inform revisions to the climate change risk mitigation 
policy.

10.8  INSTRUMENT CHOICE UNDER UNCERTAINTY

Uncertainty and heterogeneity are the primary rationales for employing market-based 
instruments in environmental policy. The regulator does not have perfect information on 
firm- or source-specific emission abatement costs. Moreover, differences across firms in 
abatement opportunities indicate that one-size-fits-all command-and-control regulatory 
mandates would result in higher social costs for given environmental benefits. Thus, pol-
icy instruments that account for the regulator’s information deficit, such as emission taxes 
and cap-and-trade, can deliver cost-effective attainment of environmental goals, at least 
in theory. While a tax and a cap-and-trade program can be designed to be equivalent in 
an abstract world of certainty, a rich literature has evolved since Weitzman’s 1974 “Prices 
vs. Quantities” article that explores the effect of uncertainty on the welfare implications 
of choosing a tax or cap-and-trade.

10.8.1 Prices vs. Quantities
Weitzman (1974) developed a simple model to illustrate the relative costs and benefits 
of choosing a price instrument or a quantity instrument to allocate resources in an 
economy in the presence of uncertainty. He notes the policy question of emission taxes 
or pollution quotas (i.e., cap-and-trade) as one of the motivating rationales, and several 
other authors explored this instrument choice question in the environmental context 
(Roberts and Spence, 1976; Yohe, 1978). Weitzman employs quadratic benefit and cost 
functions for an arbitrary commodity and introduces uncertainty that is resolved only 
after a regulator chooses an instrument to allocate the commodity. The relative welfare 
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advantage of a price instrument over a quantity instrument can be represented by the 
following equation based on Weitzman’s model:

where
Δ = the relative welfare advantage of prices over quantities,
σ

2
c  = the variance of the shocks to the marginal cost function,

c = the slope of the marginal cost function, and
b = the slope of the marginal benefit function.5

This yields the so-called relative slopes rule. If the absolute value of the slope of the 
marginal cost function is greater than the absolute value of the slope of the marginal 
benefit function, then Δ > 0, and a price instrument, such as an emission tax, would 
deliver greater expected net social benefits. If the absolute value of the slope of the 
marginal benefit function is greater than the absolute value of the slope of the marginal 
cost function, then Δ < 0, and a quantity instrument, such as a cap-and-trade program, 
would deliver greater expected net social benefits.6

Figures 10.5 and 10.6 illustrate the cases when a price instrument is preferred to a 
quantity instrument and when a quantity instrument is preferred to a price instrument, 
respectively, in the presence of uncertainty over marginal cost. Suppose that the regulator 
has one of two policy instruments at her disposal: she can choose to set a tax on each unit 
of emissions (denoted by T) or she can set a cap on emissions, which yields a quantity of 
emission abatement (denoted by QC&T). Assume that the regulator knows the marginal 
benefits of abating pollution (denoted MB; this also holds if the regulator had an estimate 
of the expected marginal benefit function), which reflect diminishing marginal returns to 
emission abatement, and she has estimated an expected marginal cost function (denoted 
EMC), which reflects a convex total cost function. Since the regulator does not know 
marginal costs with certainty, she can choose an emission tax T or an abatement quantity 
QC&T to equate marginal benefits and expected marginal costs.

Consider the case when the absolute value of the slope of marginal cost exceeds the 
absolute value of marginal benefit, as shown in Figure 10.5. If uncertainty over marginal 
costs is resolved after choosing an instrument, and the realized marginal costs (denoted 
by MCH) are higher than expected marginal costs, then neither the emission tax nor the 
cap-and-trade program would deliver the efficient level of emission abatement (denoted 

(10.5)
� =

σ
2
c

2c
2
(c − b)

5  Technically, Weitzman derived an expression that would represent an accurate local approximation. Subsequent work, 
such as in Adar and Griffin (1978), assumed linearity in the marginal benefit and cost functions, which delivers the 
exact equality presented here.

6  Kelly (2005) argues that, in general equilibrium, more than just the relative slopes matter for determining the relative 
welfare advantage of prices over quantities. In particular, the risk aversion of consumers and the relative impacts of these 
instruments on the variation in production and hence consumption can dominate the relative slopes contribution to 
the welfare determination.
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by QEFF). The tax yields too little abatement (denoted by QTax), while the cap-and-trade 
program yields too much abatement (denoted by QC&T). The deadweight loss associated 
with choosing a policy instrument before uncertainty over marginal costs is represented 
by triangle A for the price instrument and triangle B for the quantity instrument. In this 
case, deadweight loss B significantly exceeds deadweight loss A.

Now consider the case when the absolute value of the slope of marginal benefit 
exceeds the absolute value of marginal cost, as shown in Figure 10.6. If uncertainty over 
marginal costs is resolved after choosing an instrument, and the realized marginal costs 
are again higher than expected marginal costs, then neither the emission tax nor the cap-
and-trade program would deliver the efficient level of emission abatement. As in Figure 
10.5, the tax yields too little abatement, while the cap-and-trade program yields too much 
abatement. In this case, the deadweight loss of the tax, triangle A, significantly exceeds 
the deadweight loss of cap-and-trade, triangle B. These figures show that if the regulator 
aims to minimize the social welfare losses of choosing an instrument under uncertainty, 
then she should choose cap-and-trade if the change in environmental benefit is greater 
than the change in abatement cost for any deviation from what would be ex post efficient, 
and she should choose a tax if the change in abatement cost is greater than the change 
in environmental benefit for any likewise deviation from what would be ex post efficient.

Figure 10.5 Prices versus quantities I.
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This result illustrates how the greater the uncertainty over marginal costs, represented 
by the variance of the shocks to the marginal cost function, the greater the welfare 
advantage for a price instrument if (c − b) > 0, or for a quantity instrument if (c − b) < 0. 
In this stylized model, the uncertainty in the benefit function does not matter for instru-
ment choice; only the uncertainty in the cost function affects the calculation of the wel-
fare advantage of the preferred policy instrument (Adar and Griffin, 1976). Suppose that 
the MB function is replaced with an expected marginal benefits function in Figures 10.5 
and 10.6. In addition, assume that these figures include a MBH function representing 
realized marginal benefit function higher than expected after resolution of uncertainty, 
akin to the MCH function. A quick assessment of the graphical analysis shows how this 
would have no bearing on the amount abated or the relative deadweight losses of the 
instruments in these figures. Under cap-and-trade, the quantity abated is determined by 
the regulator through the setting of the cap. The cap does not change if realized marginal 
benefits differ from what was expected. The price to abate is determined by the inter-
section of the realized marginal cost function and the quantity required under the cap. 
Under the emission tax, the price is by design set by the tax and the quantity abated is 
determined by the intersection of the tax and the realized marginal cost function.

Figure 10.6 Prices versus quantities II.
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To illustrate the potential implications of this prices versus quantities analysis for 
climate change policy, Pizer (2002) employs a stochastic version of Nordhaus’s DICE 
model that allows for uncertainty in costs and benefits and finds that the optimal price 
policy delivers about five times the expected gain of the optimal quantity policy. Pizer 
finds that the expected marginal benefits function is nearly horizontal, reflecting the fact 
that annual contributions of emissions to the atmosphere are small relative to the cur-
rent stock (also see Aldy and Pizer, 2009). This relatively flat marginal benefits schedule 
for mitigating greenhouse gas emissions is consistent in other studies, such as Kolstad 
(1996b). Aldy et al. (2010) posit that a global carbon tax rising at the rate of interest 
would likely incur lower costs than equivalently set annual emission caps for a policy 
objective to stabilize the global climate at any arbitrary concentration level.

10.8.2 Correlated Benefit and Cost Uncertainty
Stavins (1996) noted an often-overlooked footnote in Weitzman (1974) on how cor-
relation in benefits and costs can affect the relative welfare determination of price and 
quantity instruments. In particular, benefit uncertainty matters in the cases in which 
benefits and costs are correlated. A positive correlation improves the comparative advan-
tage of quantity instruments, while a negative correlation improves the comparative 
advantage of price instruments. This is evident in the expanded expression for relative 
welfare advantage to account for benefit and cost correlation:

where
ρbc = the correlation between benefits and costs,
σb  = the standard deviation of benefits,
σc = the standard deviation of costs, and all other terms are the same as above.
If costs and benefits are positively correlated, and if marginal costs are higher than 

expected, then firms facing a tax would abate less but would do so at a time when 
marginal benefits of emission abatement are also higher than expected. If the correla-
tion is negative and if marginal costs are again higher than expected, then firms facing 
cap-and-trade would incur greater costs of compliance at a time when marginal benefits 
are lower than expected.

Significant uncertainty in either benefits or costs magnifies the impact of the cor-
relation on the relative welfare determination. The steeper the slope of marginal cost, 
however, the weaker is the effect of benefit-cost correlation on the welfare determina-
tion. Theoretically, the impact of correlation could dominate the impact of the relative 
slopes in identifying the policy instrument that maximizes expected net social benefits.

Stavins identifies several environmental examples in which benefits and costs are 
positively correlated, and thus would suggest that cap-and-trade would dominate a tax. 

(10.6)� =

σ
2
c

2c
2
(c − b) −

ρbcσbσc
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For example, a sunny day may increase the production of ground-level ozone (incident 
ultraviolet radiation transforms ozone precursors, nitrogen oxides and volatile organic 
compounds, into ozone) and thus increase the costs necessary to reduce ambient ozone 
concentrations. At the same time, a sunny day may attract more people outdoors, thereby 
increasing their exposure to ozone and the benefits of lowering ozone concentrations.

The implications of this correlation analysis are likely mixed in the context of climate 
change: there are potential cases of negative, positive, and zero correlation. Severe climate 
change may dramatically alter precipitation patterns that could reduce the power gen-
eration from some existing hydroelectric dams, and thus increase the cost of generating 
low- and zero-carbon electricity. Other dams, however, may benefit from the change in 
precipitation patterns and produce even more electricity, delivering lower costs for abating 
emissions in the power sector. Some regions of the world could benefit from warming in 
terms of longer growing seasons and enjoy an increase in biological sequestration, thereby 
lowering marginal (net) abatement costs, while other regions could experience such high 
temperatures that biomass and vegetation growth suffer. Clearly the spatial heterogeneity 
in the impacts of climate change could yield positive and negative correlations in benefits 
and costs. This may also be complicated by the temporal element—how are distant future 
benefits correlated with the costs of mitigating climate change today? Finally, some cli-
mate change risk mitigation strategies, such as geoengineering, may involve costs that are 
independent of the benefits of combating climate change.

10.8.3 Stock Pollutants and Dynamics
Newell and Pizer (2003a) evaluate the instrument choice problem in the context of a 
stock pollution problem and present an evaluation in the context of climate change. 
They derive a modified version of the Weitzman relative welfare advantage expression 
that includes a persistence factor for benefits and a correlated costs factor. The relative 
slopes rule generally holds, with the caveats that: (1) lower discount rates, lower stock 
decay rates, and greater rates of growth in benefits tend to favor quantity instruments; 
and (2) greater positive correlation in costs over time tends to favor quantity instru-
ments. They simulate the impacts of persistence and serial cost correlation in a modified 
version of the DICE model and, like Pizer (2002), find that price instruments dominate 
quantity instruments in mitigating greenhouse gas emissions.

Hoel and Karp (2002) also investigate the instrument choice problem for a stock 
pollutant and in their climate change simulations they find that prices dominate quan-
tities. Karp and Zhang (2006) permit learning over time in their model, and again the 
analysis suggests that prices are preferred to quantities. Fell et al. (2012) investigate the 
properties of cap-and-trade when firms may bank current emission allowances for 
future use or borrow future allowances for current use. Banking and borrowing effec-
tively reduces price volatility, and in simulations of climate change policy, they find that 
a cap-and-trade program with full intertemporal flexibility can closely approximate the 
welfare advantages of an emission tax over relatively short time horizons (e.g., a decade), 
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but over forty or more years, intertemporal trading yields about half the welfare gain 
over conventional cap-and-trade that an emission tax achieves.

10.8.4 Hybrid Instruments
Roberts and Spence (1976) proposed a hybrid price-quantity approach to control pollu-
tion (also see Yohe, 1978). In effect, the regulator could set an emission cap and allocate 
emission allowances to the economy. At the start of the cap-and-trade program, the regu-
lator could also announce that she stands prepared to sell an unlimited number of addi-
tional allowances at a preset price. As long as allowance prices trade below this regulator’s 
preset price, then the policy operates as cap-and-trade. If the prices for allowances rise to 
the preset price, then firms may minimize their compliance costs by purchasing additional 
allowances from the regulator at that price. The policy then operates effectively as an emis-
sion tax. Pizer (2002) evaluates the welfare properties of such a hybrid approach and finds 
that it can generate significant gains over only a cap-and-trade program to address cli-
mate change. Depending on the level of the trigger price set by the regulator, this hybrid 
could closely approximate the gains of a tax policy. Of course, an ambitious emission cap 
coupled with a low trigger price would likely result in such a hybrid operating like a 
tax most of the time. Such an approach may hold some political appeal by providing the 
opportunity to cap emissions that is favored by environmentalists while also providing an 
assurance to industry that marginal compliance costs are effectively subjected to a ceiling.

Over the past decade, several legislative proposals for U.S. greenhouse gas emission 
cap-and-trade programs have included a so-called “safety valve”—the sale of additional 
allowances at a preset price (Aldy and Pizer, 2009). In addition, about 30 states have 
implemented renewable portfolio standards—quantity-based policies that require a 
specified share of power to come from qualifying renewable energy sources. Some states 
have implemented safety valves in their renewable mandates to ensure that the costs of 
compliance are not unexpectedly high (Aldy, 2012). For example, the Massachusetts 
renewable portfolio standard has had a binding safety valve price for one class of renew-
able power covered under state law. As a result, utilities choose to pay into a state fund 
in lieu of incurring greater costs to deliver higher cost renewable power.

An alternative modification to cap-and-trade with the same aim of mitigating con-
cerns about abatement cost uncertainty is the idea of indexing emission caps to a measure 
that is correlated with cost drivers. For example, the Council of Economic Advisers (2000) 
described an approach to setting national greenhouse gas emission caps as a function of 
economic growth, given the strong historical correlation between economic and carbon 
dioxide emission growth rates. In the context of international climate negotiations, such an 
approach could address the concerns of developing countries that an emission cap could 
limit economic development and potentially impose significant costs if their economies 
grew more quickly than anticipated and address the concerns of some developed coun-
tries that an emission cap could require no meaningful emission abatement by developing 
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countries if their economies grew more slowly than anticipated (Lutter, 2000; Aldy, 2004). 
In recent years, China and India have proposed national carbon intensity goals that would 
require the reduction in the carbon dioxide emissions to GDP ratio by as much as 45 
percent over fifteen years in China and as much as 25 percent over fifteen years in India.

Newell and Pizer (2008) formally evaluate the idea of indexed targets within the tra-
ditional Weitzman framework. They derive expressions for the relative welfare advantage 
of prices, quantities, and indexed quantities and apply them to the problem of climate 
change. Given the variation in the correlation of GDP and carbon dioxide emissions 
across countries, an emission intensity cap (a type of indexed quantity policy) domi-
nates a traditional, fixed emission cap for some countries but not others. Webster et al. 
(2010) also derive formal expressions to compare intensity targets with the safety valve 
hybrid. They find that the correlation between GDP and emissions necessary to justify 
an intensity target over a safety valve is implausibly high. They illustrate the dominance 
of the safety valve numerically through a Monte Carlo simulation using a computable 
general equilibrium model of the U.S. economy.

10.8.5 Uncertainty, Irreversibility, and Quantity Instruments
Baldursson and von der Fehr (2004) develop two-period and multiperiod dynamic 
models that incorporate elements of the real options framework and the prices versus 
quantities framework. They find that accounting for the irreversibility of investment 
in the presence of uncertainty yields modestly more support for the choice of a price 
instrument. They also find that under cap-and-trade, investment occurs later and allow-
ance prices are more volatile in the presence of irreversibility.

While cap-and-trade programs deliver cost-effective abatement and can deliver the 
socially optimal level of abatement, in theory, the practice suggests that cap-and-trade 
falls short on both dimensions. The experience with the SO2 cap-and-trade program 
shows that firms did not bear common marginal abatement costs (Carlson et al., 2000), 
the necessary condition for cost-effectiveness. In addition, the volatility in allowance 
prices (see Figure 10.2) suggests that the marginal cost of compliance, even if equated 
across firms, did not equal the marginal benefit of abatement over most of the life of 
the program, thereby failing on efficiency grounds.7 Despite the significant uncertainty 
over the “right” estimate of the social cost of carbon, it is evident in the volatility of the 
EU ETS allowance prices (see Figure 10.4) that the marginal cost of abating carbon 
dioxide emissions rarely equals the marginal benefit of emission abatement.

7  If anything, the allowance prices were below the marginal benefit of abatement for most if not all of the period of 
operation of the SO2 cap-and-trade program, in part because of the lack of understanding of the reduced mortality 
risk benefits associated with sulfur dioxide abatement at the time Congress created the program (Schmalensee and 
Stavins, 2013).
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Consider an explanation of these empirical findings that is generally consistent with 
the Baldursson and von der Fehr theory work. Suppose a regulator can choose between 
an emission tax or cap-and-trade. Under either instrument, the regulated firm would 
need to identify its own abatement cost function in order to minimize compliance costs. 
If the regulator sets a tax, then the firm chooses the abatement technologies identified in 
its abatement cost function that minimizes compliance costs with the tax (i.e., minimizes 
the tax payment plus abatement costs or, alternatively, maximizes profits subject to com-
pliance with the tax). If the regulator implements cap-and-trade, then the firm must also 
form an expectation about the clearing price for emission allowances that could deter-
mine which abatement options available to the firm would be economic. Since this is a 
new market, firms may differ about their expectations of allowance prices. The modeling 
work of the SO2 cap-and-trade program in the late 1980s and early 1990s provides some 
dispersion in estimated allowance prices (Ellerman et al., 2000), and more significantly 
in the context of climate change, there is significant dispersion in estimated allowance 
prices even within a single study using a single model with a variety of assumptions 
about economic growth and technological change (e.g., refer to U.S. EIA 2010).

If there are no sunk costs associated with the abatement options, i.e. no irreversibility, 
then firms can costlessly adjust abatement as allowance prices evolve over time. In prac-
tice, however, irreversibility characterizes many kinds of emission abatement investments 
(Kolstad, 1996a; Dixit and Pindyck, 1994; Montero and Ellerman, 1998). In the context 
of the SO2 cap-and-trade program, some of the most prominent irreversible investments 
included the purchase and installation of SO2 scrubbers and long-term low-sulfur coal 
contracts. As a result, under cap-and-trade, firms may lock in some irreversible abatement 
options that, given their expectations of the allowance market, may appear ex ante to be 
optimal but which would be ex post suboptimal once the uncertainty over allowance 
prices is resolved. This could deliver the heterogeneity in marginal abatement costs across 
firms that undermines cost-effectiveness and efficiency and could contribute to the price 
volatility predicted in Baldursson and von der Fehr (2004) and evident in the SO2, NOX, 
and CO2 cap-and-trade programs. Given the less extensive policy experimentation with 
emission taxes, it is difficult to provide a fair, real-world comparison of performance 
under taxes. Nonetheless, the uncertainty associated with the start-up and operation of 
cap-and-trade programs and the irreversibility of many pollution control investments 
suggests that, ceteris paribus, the choice of an emission tax could dominate cap-and-trade.

10.9  CONCLUSION

Virtually every aspect of environmental policy involves risks. Economic tools provide a 
framework for structuring analyses of environmental policy that accounts for such risks 
in a rational manner. Sound economic analysis also helps avert suboptimal outcomes, 
such as over-reacting to negligible risks or dismissing truly major risks simply because 
they are uncertain or deferred. The risk analysis practices and targeting of environmental 
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policies are sometimes flawed in ways that can be ameliorated by grounding policies in 
proper assessment of the expected benefits and costs.

The presence of risk and uncertainty creates a potential role for informational poli-
cies that assist in indicating the magnitude of the environmental risks. Warnings and 
various right-to-know efforts are often effective, low-cost ways of mitigating risk expo-
sure. Economic studies have also illuminated the characteristics of informational efforts 
that have made certain information programs particularly effective.

As our understanding of environmental hazards has evolved over time, one might 
have expected policies to be more concerned about risk than uncertainty. There have, 
of course, been advances in knowledge that make it feasible to estimate some risks with 
greater precision. Yet, uncertainties continue to characterize the benefits and costs of 
policy efforts to mitigate environmental risk, and failing to account for these uncertain-
ties could lead to socially inefficient public policies. Many environmental policies require 
irreversible investments in pollution abatement, and some policies do so in order to 
avoid irreversible environmental and public health harms. The prospect to learn about 
environmental risks and reduce uncertainty with respect to benefits and costs can affect 
the decision calculus for those cases that involve such irreversibilities. For example, if 
the prospect of irreversible, catastrophic climate change dominates the irreversible, sunk 
costs of investing in pollution abatement, then ignoring uncertainty and the opportunity 
to learn over time would result in less emission abatement than is socially optimal.

While taxes and cap-and-trade programs generally deliver more cost-effective and 
higher net social welfare outcomes than conventional command-and-control regulatory 
mandates, understanding the potential impacts of uncertainty on welfare outcomes can 
inform the choice of a price instrument, such as emission taxes, or a quantity instru-
ment, such as cap-and-trade. Most analyses of climate change suggest that a price instru-
ment would deliver greater expected social welfare than a quantity instrument, and the 
uncertainty endogenous to the operation of cap-and-trade could inhibit investment 
and increase costs of mitigating risk. The potential welfare gains from improved envi-
ronmental risk management illustrate the increasing importance that sound economic 
analysis can have in the design of environmental policy.
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