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1
An Overview of the Issues

The responsibility of the present to the future is an abiding concern in
human affairs. Much of our best effort is devoted to the upbringing of
children, and they exercise a primary claim on our love and affection.
The care, socialization, and education of the young is by far the largest
“investment project” undertaken by any society. We work and build
for the future, and strive to leave behind tangible legacies even beyond
what we bequeath to our offspring. The onset of anthropogenic climate
change challenges our link to the future in a very direct way – actions
that are taken (or not taken) today will have an impact, possibly a decisive impact, on the condition of the natural world that will be inherited by those who follow us. While this is not a uniquely new “policy
problem” (many of the great social and political issues have to do with
matters affecting succeeding generations), climate change threatens
human well-being across very long time spans in ways that are historically unprecedented.
Scientiﬁc research on the climate leaves no doubt that our actions (or
inaction) are of vital signiﬁcance for future generations. Each of the
Assessment Reports compiled by the Intergovernmental Panel on Climate
Change (IPCC)1 has detailed the consequences of business as usual.
Average global temperatures will rise, to be sure, but the magnitude of
those increases (currently projected as between 1.4 and 5.8 °C [2.5–
10.4 °F] from 1990 to 2100 [IPCC 2001a]) is not particularly indicative
of the actual impact of climate change on human beings and other life
on Earth. More speciﬁcally, unmitigated climate change will be a public
health disaster of the ﬁrst magnitude: people will die in killer heat
waves, from the spread of tropical diseases like malaria as the range of
the vectors carrying those diseases expands, from increased frequency
and severity of ﬂoods, droughts, and possibly also tropical storms, from
1
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adverse effects on agriculture in some regions, and perhaps even from
social disruption and conﬂict engendered by the climate change. These
impacts will tend to fall disproportionately on the poorest segments of
the world’s population.
Both human and nonhuman systems will be affected. According to
the most recent IPCC Synthesis Report, “[t]he stakes associated with projected changes in climate are high” (italics in the original):
Numerous Earth systems that sustain human societies are sensitive
to climate and will be impacted by changes in climate (very high
conﬁdence). Impacts can be expected in ocean circulation; sea level;
the water cycle; carbon and nutrient cycles; air quality; the productivity and structure of natural ecosystems; the productivity of agricultural, grazing, and timber lands; and the geographic distribution,
behavior, abundance, and survival of plant and animal species,
including vectors and hosts of human disease. Changes in these
systems in response to climate change, as well as direct effects of
climate change on humans, would affect human welfare, positively
and negatively. Human welfare would be impacted through changes
in supplies of and demands for water, food, energy, and other tangible goods that are derived from these systems; changes in opportunities for nonconsumptive uses of the environment for recreation
and tourism; changes in non-use values of the environment such as
cultural and preservation values; changes in incomes; changes in loss
of property and lives from extreme climate phenomena; and changes
in human health. Climate change impacts will affect the prospects
for sustainable development in different parts of the world and may
further widen existing inequalities. Impacts will vary in distribution
across people, places, and times (very high conﬁdence), raising
important questions about equity.2
(IPCC 2001b, p. 238)
Even these dire effects do not tell the whole story.3 Perhaps the greatest threat from climate change is the risk it poses for large-scale catastrophic disruptions of Earth systems. Examples of such potential
disasters include the shutting down of the oceanic “conveyor belt” that
cycles warm water from the tropics to the North Atlantic off the coast
of Europe, large reductions in the Greenland and West Antarctic ice
sheets, accelerated global warming due to carbon cycle feedbacks in the
terrestrial biosphere, and releases of terrestrial carbon from permafrost
regions and methane from hydrates in coastal sediments. Again quoting
the IPCC,
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If these changes in Earth systems were to occur, their impacts would
be widespread and sustained. For example, signiﬁcant slowing of the
oceanic thermohaline circulation would impact deep-water oxygen
levels and carbon uptake by oceans and marine ecosystems, and
would reduce warming over parts of Europe. Disintegration of the
West Antarctic Ice Sheet or melting of the Greenland Ice Sheet could
raise global sea level up to 3 m each over the next 1,000 years, submerge many islands, and inundate extensive coastal areas. Depending on the rate of ice loss, the rate and magnitude of sea-level rise
could greatly exceed the capacity of human and natural systems to
adapt without substantial impacts. Releases of terrestrial carbon from
permafrost regions and methane from hydrates in coastal sediments,
induced by warming, would further increase greenhouse gas concentrations in the atmosphere and amplify climate change.
(IPCC 2001b, p. 225, footnote omitted)
The probabilities of such devastating events are unknown, but are
thought to be small. The risk is a combination of the probability and
the magnitude of the impact, however. Facing the prospect of even very
low probability events can be quite unpleasant, and people are generally willing to go to considerable lengths to mitigate such risks – as indicated by the widespread purchase of insurance of all types. In the case
of climate risks, the affected Earth systems would not be amenable to
crisis management, if they would respond to a sudden policy shift at
all. Species cannot be brought back from extinction, and there is no way
to restart the Atlantic conveyor belt or reassemble the West Antarctic
ice sheet. Business as usual amounts to conducting a one-time, irreversible experiment of unknown outcome with the habitability of the
entire planet.
Given the magnitude of the stakes, it is perhaps surprising that much
of the debate about the climate has been cast in terms of economics.
Economics does a relatively better job of calculating what might
happen in the wake of marginal changes in policy or circumstances than
it does in handling comparisons between radically different situations.
Changes in the material standard of living may provide an adequate
indicator of changes in human welfare if only small perturbations are
being considered, and if the changes occur in the context of stable
social, political, and cultural institutions. This requirement for “marginal” welfare analysis does not hold when considering climate change.
Preoccupation in the policy debate with economic arguments and calculations is even stranger in light of the fact that the climate problem
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is intrinsically one of intergenerational ethics. We do not look to technical economics for guidance regarding relations with our children
and parents, or to specify the nature of the moral connections between
the generations. Of course, some of these obligations are economic in
nature – material support for the elderly and for children being the
primary examples – but economic theory is not the source of our duties
towards the young and the old. We shall see that the focus on economics in climate policy discussions is, in some sense, a conscious or
unconscious attempt to avoid debating these difﬁcult issues. After
all, if a technocratic solution to one of the enduring dilemmas of the
human condition could be found, why not embrace it? Economics offers
to some the hope of ﬁnding such a purely technical answer, although
we shall see that such hope is misplaced.
Nevertheless, it is undeniably the case that economic arguments,
claims, and calculations have been the dominant inﬂuence on the
public political debate on climate policy in the United States and around
the world. Economic considerations were invoked by the Bush Administration in its repudiation of the Kyoto Protocol, and economic calculations informed the timid and defensive negotiating strategy of the
Clinton Administration both before and after Kyoto. It is an open question whether the economic arguments were the cause or only an ex post
justiﬁcation of the decisions made by both administrations, but there
is no doubt that economists have claimed that their calculations should
dictate the proper course of action.

1.1 General equilibrium analysis
The current standard for economic analysis of large-scale policy issues
such as climate is general equilibrium analysis. Unlike the “partial equilibrium analysis”4 that is more familiar to the general public, general
equilibrium analysis attempts to capture the essential features of the
economic system as a whole. The intention is to trace the essential feedbacks between different sectors of the economy, and to create an analytical framework that reveals what might otherwise be the unintended
consequences of policy actions.5
General equilibrium models purport to describe the key activities of
production and consumption, as well as the market relationships that
tie together the large array of goods, services, and factors of production
that make up the economy. These models represent the production side
of the economic system as a collection of proﬁt-maximizing ﬁrms characterized by various technologies expressed as production functions.
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The production functions are supposed to describe how combinations
of inputs can be transformed into outputs. Firms seek to maximize
their proﬁts, deﬁned as the difference between the revenues they obtain
from selling their products and the cost of producing them. On the
consumption side, general equilibrium models represent individuals as
agents who atomistically seek satisfaction through the consumption of
commodities. These agents’ preferences are embodied in utility functions that exhibit certain features guaranteeing rationality of a particular sort. Utility is maximized subject to the requirement that an individual’s spending cannot exceed a budget constraint that is a function
of the individual’s income and wealth.
This analytical framework emerged in the late nineteenth century,
as economics began to employ mathematical methods to convey its
concepts. The pioneers were Walras, Edgeworth, Jevons, and Marshall.
It was uniﬁed and generalized in the twentieth century by the theorists
Samuelson, Arrow, and Debreu, along with the others who formalized
the neoclassical synthesis.6 General equilibrium theory represents one
of the pinnacles of achievement in economic thinking, and constitutes
(along with closely related game theory) the foundation of modern economics. The general equilibrium model was conceived in the same spirit
as the great syntheses of late nineteenth-century physics – the notion
that it is possible to collapse the bewildering variety of real-world
phenomena into the operation of a few powerful, abstract principles,
thereby reducing the complexity of reality by embedding it in a compact
mathematical structure. In this grand conception, empirical relationships are to be understood as manifestations of a few simple laws. Thus
in physics, the combination of the universal conservation principles,
Maxwell’s equations of electrodynamics, and Newton’s laws of motion
(along with the inverse square gravitation law) provided a framework
for working out accurate predictions and world-changing engineering
applications in astronomy, communications, transportation, and manufacturing.
In economics, the unifying principles of general equilibrium theory
are rationality and maximization. By specifying restrictions on utility
functions to make them consistent with basic notions of rationality
(such as transitivity or internal consistency and the existence of preference relationships between situations), and by deriving the consequences of maximizing behavior, the project of neoclassical economics
was to reduce the description and understanding of economic phenomena to an elaboration of these basic principles. And indeed, an
imposing intellectual ediﬁce has been constructed. The goal is to
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represent the entire economic system by mathematical descriptions of
the demand side of the economy (that is, the behavior of individuals as
consumers of goods and services) and the supply side of the economy
(that is, the behavior of ﬁrms and other producers), all linked together
by equations expressing equilibrium conditions in the markets for the
goods and services produced and consumed. To some, economics has
been deﬁned as the outcome of this program:
Perhaps nothing is more readily distinctive about economics than
the insistence on a unifying behavioral basis for explanations, in particular, a postulate of maximizing behavior. The need for such a theoretical basis is not controversial; to reject it is to reject economics.
The reason such importance is placed on a theoretical basis is that
without it, any outcome is admissible; propositions can therefore
never be refuted. Economists insist that some events are not possible,
in the same way that physicists insist that water will never run uphill.
Other things constant, a lower price will never induce less consumption of any good; holding other productive inputs constant,
marginal products eventually decline. There are to be no exceptions.
(Silberberg 1990, p. 14; italics in the original)
We shall see in the subsequent chapters that even in strictly neoclassical terms, this kind of all-encompassing characterization of economic
principles is far too rigid. More generally, it now is clear that the entire
neoclassical project was overly ambitious. Rationality and maximization
prove to be insufﬁcient to characterize economic reality. Even within
the boundaries of neoclassical economics, the hoped-for unifying
principles are not enough to determine market outcomes. The sparse
theoretical models of general equilibrium theory, despite their elegance,
abstract from essential features of the actual social and economic
system. Thus, the imagined kinship between economics and physics
breaks down. While physics (and the physical sciences in general) have
been successful in mathematical abstraction,7 economics has not been.
As we shall see, the simpliﬁcations of neoclassical economics strip away
essential information about the system, not just the inessential accidentals. The consequences for climate policy have been severe.
The representations of consumers and ﬁrms that are the building
blocks of the general equilibrium models employed in climate policy
analysis lack the features that would make them realistic; or, going even
farther, are so distant from the known behavior of actual individuals
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and businesses as to be implausible on their face. Furthermore, the
mathematical structure built on the maximization principle, while
beautifully elegant and interesting as an abstract exercise, turns out not
to be sufﬁciently well-speciﬁed as to enable it to give the kind of policy
advice – certainty about costs and beneﬁts – that politicians desire.
There are too many possibilities for multiple equilibria, unstable dynamics, and alternative distributional outcomes to pin down the economic
system with enough precision to support policy recommendations
based on neoclassical principles alone. Other assumptions, restrictions,
or behavioral laws must be invoked to make the models well-behaved,
and about these assumptions, restrictions, and behaviors there is no
consensus. Nor is there any unambiguous empirical basis for choosing
one particular set of assumptions or restrictions over another. The
result is that the application of general equilibrium analysis to climate
policy has produced a kind of specious precision, a situation in which
the assumptions of the analysts masquerade as results that are solidly
grounded in theory and the data. This leads to a tremendous amount
of confusion and mischief, not least of which is the notion that
although the physical science of the climate is plagued by uncertainties, it is possible to know with a high degree of certainty just what
the economic consequences of alternative policy actions will be. This
myth, more than any other, has created the policy paralysis and public
confusion that so far have impeded constructive action (at least in the
United States) to meet the climate challenge.
Instead of contributing its legitimate insights on the effects of various
incentives, the interactions between different parts of the system, and
the overriding importance of the distribution of wealth (more on this
below), economics has been misused to obfuscate the climate debate.
Economic models have been invoked to claim a knowledge of causes
and consequences, of costs and beneﬁts, and of the speciﬁcs of optimal
policies, that are entirely beyond their grasp. Models routinely used in
the policy arena involve forecasts and projections extending decades
into the future, but in reality no economic forecasting technique has
any hope of embodying accurate information about circumstances
that far ahead. Models are used to compare policy alternatives, but the
fundamental principles of economics make those models incapable of
carrying out the requisite comparisons. Models are claimed to represent
economic and social reality, despite the fact that it is known that they
omit, ignore, or mischaracterize vast segments of that reality. Models
are used to make strong statements about which policies should or
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should not be undertaken, even though it is known that at their foundations, the mathematical properties of the models preclude drawing
welfare conclusions. The subsequent chapters of this book will discuss
the basis of all of these assertions.

1.2 Equity and efﬁciency
It should not be thought that neoclassical economic theory (and empirical work based on it) has nothing to offer. The absence of a “theory of
everything” does not mean that no scientiﬁc lessons have been learned.
An apt analogy is that of Paul Krugman, who compares the present state
of economics not to physics, but to medicine circa 1900.8 Even though
medicine at that time could not claim an understanding of health and
disease based on the “microfoundations” of molecular biochemistry
(nor can it today in most cases), medical practice nevertheless was based
on a number of hard-won insights. The same is true of economics today.
We know, among other things, the beneﬁts of decentralizing many economic decisions, the importance of aligning individuals’ incentives and
policy goals, and the key role played by technological change in raising
standards of living.
To illustrate the kind of economic insight that has largely been
ignored in the climate debate, consider the relationship between the
concepts of equity and efﬁciency. Equity and efﬁciency are the twin
poles of neoclassical theory. Equity has to do with the distribution of
wealth and income, while efﬁciency is concerned with getting the most
out of any particular set of resources. Most formal economic modeling
having to do with climate policy has focused on efﬁciency issues, even
though it is disputes over equity that have plagued the international
negotiations and have made it impossible so far to arrive at a domestic
policy consensus.
Although there are circumstances in which equity and efﬁciency concerns may properly be separated, the climate debate is not one of them.
As will be shown in more detail in the following chapters, the potential allocations of various kinds of “rights” relevant to climate policy
are so important that they affect all signiﬁcant matters of price and
allocative efﬁciency. To pretend otherwise amounts to an implicit
commitment to a particular set of choices about equity. The distribution of rights across generations, and within different groups of people
presently alive (rich or poor in the United States, for example, or North
or South in the world) is so important that prices, interest rates,
incomes, and welfare all depend on the way the rights are allocated.
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This will be illustrated in subsequent chapters through a series of
very simple general equilibrium models that show the connections.
Ironically, although the large integrated assessment general equilibrium
models9 that essentially ignore equity have been the most inﬂuential
economic contributions to the debate so far, it is easy even in very
simple general equilibrium models to bring equity issues to the forefront. The later chapters will show why the allocations of climate rights
across time, space, and income class determine the most salient features
of climate policy and its consequences.
The development of welfare analysis in economics has been a long
struggle to establish the limits of what economics could say regarding
social arrangements. The culmination of this quest is represented by
the fundamental theorems of welfare economics. As stated succinctly in
Mas-Colell et al. (1995), these are:
The First Fundamental Welfare Theorem. If every relevant good is
traded in a market at publicly known prices (i.e., if there is a complete set of markets), and if households and ﬁrms act perfectly
competitively (i.e., as price takers), then the market outcome is
Pareto optimal. That is, when markets are complete, any competitive
equilibrium is necessarily Pareto optimal.
The Second Fundamental Welfare Theorem. If household preferences and ﬁrm production sets are convex, there is a complete set of
markets with publicly known prices, and every agent acts as a price
taker, then any Pareto optimal outcome can be achieved as a competitive
equilibrium if appropriate lump-sum transfers of wealth are arranged.
(p. 308, italics in the original)
Mas-Colell and his co-authors go on to explain that
[t]he ﬁrst welfare theorem . . . is, in a sense, the formal expression of
Adam Smith’s claim about the “invisible hand” of the market. The
second welfare theorem goes even further. It states that under the
same set of assumptions as the ﬁrst welfare theorem plus convexity
conditions, all Pareto optimal outcomes can in principle be implemented through the market mechanism. That is, a public authority
who wishes to implement a particular Pareto optimal outcome
(reﬂecting, say, some political consensus on proper distributional
goals) may always do so by appropriately redistributing wealth and
then “letting the market work”.
(1995, p. 308)10
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There are technical subtleties lurking within these deﬁnitions: the
“convexity” required by the second theorem rules out increasing returns
to scale such as are known to exist at least at the level of ﬁrms and
perhaps industries. “Price-taking” or competitive behavior by ﬁrms and
households rules out unrestrained self-seeking behavior by monopolies
or oligopolies. “Publicly known prices” means that everybody has full
information about the prices for all the goods and services that are being
transacted in all markets all the time. Obviously, these stringent assumptions are not likely to hold in the real world. At the same time, economists have long held that they provide a kind of standard against
which the actual performance of the economy can be measured, and as
such have formed the basis of antitrust legislation, truth in advertising
regulations, and prohibitions against insider trading or other forms of
deceptive or collusive economic behavior.
As important as potential deviations from the competitive ideal might
be, they are not going to be the focus of attention in this book. Instead,
the consequences of alternative distributions of wealth of different
kinds will be worked out in simple, stylized models that accept the
assumptions underlying the two welfare theorems.11 The importance of
“complete markets” is that the environmental circumstances affecting
people’s well-being have to be subject to exchanges – market transactions in other words – and that all the people affected be able to
participate in those transactions somehow. In ordinary economic terms,
this means that there must be “property rights” in all the material things
that matter to people. To avoid seeming to be too narrow, in what
follows the “property” part will be dropped and reference will be made
only to “rights,” as in “climate rights,” “emissions rights,” and so forth.
The second welfare theorem becomes important when it is realized that,
even if all the conditions for market equilibrium and Pareto optimum
are realized, the social outcome that is actually observed will depend on
the allocation of rights of all types.
Property rights originate with the government, because it is the government that deﬁnes what kinds of actions are lawful, what kinds of
exchanges are permitted, and what kinds of contracts are enforceable.
The process by which the State makes these decisions is of course
vital, but whether a government is democratic or authoritarian,
welfare/reformist or socialist, constitutional monarchy or majoritarian
republic, the sovereignty of the State constitutes the foundation of the
deﬁnition of rights. These deﬁnitions are not unchangeable. As recently
as the mid-nineteenth century, slavery was legally recognized in the
United States. The slave laborer did not own the right to the proceeds
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of his or her labor, and was not free to change employers if the conditions of work for a particular slave owner became too onerous. Other
labor systems are characterized by other conﬁgurations of rights. In
serfdom, the serfs are not free to leave the land to which they are
assigned, but they are free to obtain whatever price may prevail in the
market for their produce. In free labor markets, workers are able to
switch jobs and are entitled to retain the market value of their labor
(before taxes). They may also have the right to due process protections
against arbitrary dismissal, entitlements to unemployment or health
insurance, and so on. Obviously, there is a wide spectrum of rights that
can be assigned to the different parties participating in labor markets,
and the assignment of these rights is determined by the law – that is,
by the State.
The abolition of slavery may be the most dramatic example of how
property rights can change, but it is not the only one. The limitedliability corporation, an innovation necessary to enable the agglomeration of large amounts of capital needed for industrial-scale productive
enterprises, was a legal innovation. Today, the courts are struggling with
deﬁning new kinds of property rights – in genetic information or in the
data stream that makes up a recorded musical performance, for example.
Nor are these the only kind of new rights that are economically important. A great deal of social policy swirls around “entitlements” of various
sorts – to a particular level of state-funded pension beneﬁts, to certain
medical services, etc. Not all of these rights can be traded in markets.
Social entitlements typically are inalienably attached to individuals. Yet
the practical signiﬁcance of those entitlements depends on interpretation and enforcement of laws. Ultimately, it is the State that makes this
determination.12
The reason this matters for climate policy is because the future outlines of the economy are going to be determined, to a very large degree,
by the kinds of rights – in climate stability, emissions levels, or fossil
fuel use – that ultimately will be policy-determined. The situation until
now has been one in which users of fossil fuels have been free to dispose
of the waste products of the combustion of those fuels (mainly CO2)
for free. No one owned the atmosphere; there were no regulations on
fossil-fuel burning, and there was no price associated with increasing
greenhouse gas loadings on the atmosphere. This allocation of “climate
rights” was appropriate in the preindustrial and early industrial world,
when energy demands were relatively low and human activity did not
have much of an impact on the atmosphere as a whole. The free
disposal of fossil fuel combustion wastes contributed to the Industrial
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Revolution by enabling the solar energy stored in fossil fuels to be converted cheaply into useful work.
That situation no longer prevails. Today, the human impact on the
climate (and the natural world more generally) has become massive and
measurable. The consequences are severe, both in terms of likely future
damages and in terms of the risk of catastrophic surprises. The environmental impact of human activities is so profound that the current
geological era can be called the “Anthropocene” (IPCC 2001a, p. 784,
citing Crutzen and Stoermer 2000). If and when governments begin to
address the consequences, and assign various kinds of environmental
or climate rights to people (including future potential victims of climate
change), the result will be a change in the allocation of wealth. This
reallocation will signiﬁcantly affect the outcome of market processes.
Prices, interest rates, and incomes all will be inﬂuenced. The insights of
general equilibrium theory (and of the two fundamental welfare theorems) give an indication of how the economic system will reﬂect the
new allocation.
Yet these fundamental alterations in wealth holdings are systematically downplayed by the practices of current integrated assessment
modeling.
• Models based on “representative agents” rule out the possible consequences of allocations to different kinds of people. In the real
world, individuals vary in their preferences and their endowments of
other types of wealth (natural abilities, current holdings of different
kinds of property, etc.). Policies adopted or not adopted will change
relative endowments of environmentally related forms of wealth;
• Market outcomes based on current deﬁnitions of property rights are
treated as the standard for welfare comparison, even though it is
known that welfare depends on the pattern of allocation of all rights,
including those presently undeﬁned that give rise to externalities;
• The pattern of allocations of rights affects the characteristics of
market equilibria, including whether those equilibria are unique
and stable. Without a comprehensive treatment of all the rights that
make up individuals’ endowments, analysis of the equilibria will be
incomplete and is likely to be misleading.
The dream of neoclassical economics was to establish a “theory of
value,” a framework in which observable quantities and prices could be
connected to people’s tastes and desires and to the technologies of
production. In the case of systems having a unique equilibrium, this
goal can be approached, with price ratios equal to the ratios of marginal
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utilities and the ﬁrst and second welfare theorems holding. But multiple equilibria wreck the project. Alternative sets of equilibrium prices
can satisfy the marginal conditions, but with completely different distributions of income (even with the same set of endowments). Hence,
the connection between observable market quantities and the “fundamentals” of human preferences is severed. The different equilibrium
conﬁgurations, all of which would be Pareto optimal, correspond to very
different social orders.
The problem is just as bad or worse with general equilibrium models
incorporating the time dimension. Such models may exhibit a multiplicity of steady-state equilibrium solutions, and in addition, there
can be a continuum of equilibrium price paths approaching the steady
states. Hence, very little can be deduced from the evolution of prices
over time regarding the well-being of the people. The real social choice
problem is between equilibrium conﬁgurations, not about marginal
changes within a particular system, and economics has little to offer in
the way of guidance.
In the chapters that follow these points will be developed at length.
It will be shown that the rights allocation problem applies both at any
particular time and over time. Furthermore, a realistic portrayal of production leads to other sources of multiplicity and ambiguity in model
outcomes. Examples will be given of simple models exhibiting counterintuitive properties, depending on how the rights to different goods
are distributed.

1.3 Outline of the book
Chapter 2, “The Representation of Consumers’ Preferences and Market
Demand,” is devoted to how individuals’ preferences or tastes are
expressed in climate policy models. The chapter has two main parts.
The ﬁrst is devoted to what might be called the “outside critique” of
the neoclassical utility function representation. In this section, the
kinds of arguments that have been raised against the utility-functionbased mathematical versions of “economic man” are reviewed. The
second part of the chapter takes all the standard neoclassical assumptions as given, then develops simple general equilibrium exchange
models that exhibit properties that call into question the way conventional climate policy analysis is carried out. The necessary aggregation
of individual demand functions into market demand functions cannot
be guaranteed to yield a well-behaved system. Speciﬁc examples of
multiple equilibria and unstable dynamics are worked out in detail. It
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is shown how some of the untested features of standard energy/
economic models that are usually taken for granted are in fact crucial
assumptions that determine the results of the modeling.
Chapter 3, “The Treatment of Time,” extends the ideas of Chapter 2
to models in which time is treated explicitly. It is shown that the long
time periods over which climate policy must be analyzed create the very
conditions under which the multiplicity of equilibria and instability of
dynamics are likely to arise. This is developed both in Arrow–Debreu
and overlapping-generations frameworks. It is shown that, so long as
no particular time is selected as a preferred vantage point, the equilibria may differentially favor any of the generations that now exist or will
come into being in the future. The question of whether there is a preferred time vantage point (such as, for example, the present) is an ethical
question that cannot entirely be settled within economics. The absence
of a preferred time vantage point is akin to the physical principle of
relativity theory, that there is no preferred coordinate system and that
physical laws should be independent of the particular coordinate system
in which their equations are expressed. This chapter also clariﬁes the
debate over whether (and how) future costs and beneﬁts should be discounted, and does so in a uniﬁed framework that incorporates previous
approaches to this controversial issue.
Chapter 4, “The Representation of Production,” shifts the discussion
to the supply side of the economy. The current state of knowledge about
the behavior of ﬁrms is reviewed, focusing on the question of whether
ﬁrms can validly be treated as entities that maximize proﬁt subject to
their production functions. The modern theory of the ﬁrm does not
support this characterization, nor does the evidence on the relative
efﬁciencies of ﬁrms. The chapter goes on to suggest that evolutionary
models of industrial dynamics hold more promise for providing a sound
basis for analyzing production, and gives examples of how such evolutionary models could be set up (with an emphasis on computability),
as well as the kinds of results that can (and cannot) be derived from
such models.
Chapter 5, “The Forecasting Performance of Energy-Economic
Models,” takes up a related question: Even if the theoretical bases for
the consumption and production components of climate economic
models are suspect, might they nevertheless have enough predictive
power to be useful in the formulation of policy? The chapter takes
advantage of the fact that models of the economy that emphasize
energy production and consumption have been in use since the 1970s,
when the ﬁrst oil price shocks drew attention to the signiﬁcance of the
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energy sector. The performance of these models can be evaluated over
a considerable number of years (approximately three decades). It is
shown that no matter what the forecasting interval, the models have
almost no predictive power. In addition, models that have been used to
forecast the cost and impact of a range of environmental and other
regulatory measures do not do well in prediction either.
Chapter 6, “Principles for the Future,” is a recapitulation of the main
results and brings together the policy recommendations that have been
presented in each of the preceding chapters. It offers a summary of how
economic knowledge might more fruitfully be brought to bear on the
climate problem. The conclusion is that economists would gain in credibility, and their recommendations would be more valuable to governments and citizens grappling with the complexities of the climate issue,
if economics were more modest in its claims.

2
The Representation of Consumers’
Preferences and Market Demand

2.1 Introduction
The general equilibrium models used for climate policy analysis are
stylized representations of the activities of the millions of individuals
and organizations that constitute the economy. The models themselves
are made up of systems of equations that represent production and
consumer demand, and spell out the market conditions that determine
the prices and quantities of goods bought and sold. In some cases, key
features of the models are determined outside the interactions they
describe, or “exogenously.” For example, technological progress (which
can be measured as the increase in output that can be obtained from
given inputs as time goes on) is often speciﬁed as a constant percentage rate of change independent of other variables in the model.
Technical progress can also take the form of entirely new products
or services. The conditions of general equilibrium determine how the
structural and behavioral equations are to be solved to yield the prices
and quantities that emerge within the economy. The meaning of
“general equilibrium” is that all markets clear in the sense that the plans
and intentions of consumers and producers are fulﬁlled.
This chapter will focus on the way consumers’ preferences are handled
in such models. A critique can be made at two levels. The entire concept
of treating individuals as self-contained, rational utility maximizers,
with their preferences taken as given (that is, determined outside the
model), is a departure from realism. Similarly, the underlying deﬁnitions
of property rights, and the existence of the markets that enable the individuals’ preferences to be made manifest, assume a great deal about the
constitution of society. The rejection of these kinds of economic abstractions might be called the “outside” critique, because it entails standing
16
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outside the economics framework and asking whether the conventional
assumptions made by economists make sense in the ﬁrst place. In addition, however, there is an “inside” critique – points that fall entirely
within the conventional formalism of economics and are generally
acknowledged by economists themselves. The inside critique reveals
that even if all the standard abstractions of neoclassical theory are
accepted, the mathematical structure that results contains many pitfalls
and ambiguities that are usually not taken into account in conventional
climate policy analysis. The consequence is that the “results” of the
conventional analysis are dependent to a much greater degree than is
usually recognized on a set of assumptions for which there is little or
no scientiﬁc evidence.

2.2 Elements of the “outside” critique
While the way consumer behavior is treated within economics has
considerable intuitive appeal, the intellectual structure supporting it is
quite elaborate. For example, the notion of “rationality” in economics
requires that individuals have well-deﬁned preferences over all different
combinations of goods and services, and that these preferences are
“transitive” (that is, if A > B and B > C, then A > C where A, B, and C
represent different consumption bundles) (Mas-Colell et al. 1995). These
requirements are by no means innocuous – we all know of situations in
which people simply cannot make up their minds, or make choices that
are apparently inconsistent (such as when people change their minds
about an action or a purchase), or in which having more choices is actually worse than having a clear guideline for action.1
In addition, the translation of the “axioms of rationality” into
scientiﬁc propositions about relative prices and responses to price
changes is predicated on the existence of commodities that are priced
and tradable. If something important (such as climate stability) is
neither traded nor priced, there is no way of using real-world information about consumer behavior to compare marginal shifts in expenditure on this commodity with spending on other goods. In such cases,
to employ economic techniques requires some method for imputing
quantiﬁable values. Economists often employ proxies such as the
“value of time” or the “statistical value of a premature death avoided”
to approximate the value of environmental goods. In other cases, survey
information (the “contingent valuation” technique) is used to assign
dollar values to things that matter to people but for which markets do
not exist.
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Although the “outside” critique calls the assumptions embodied in
these methods into question, it also extends more broadly. Even restricting the discussion to economic categories is limiting. Essential elements
of human behavior as it pertains to climate include the widest range of
considerations of culture, motivation, and social organization (Jochem
et al. 2000; see also Jacobs 1994). What are some of the directions in
which these criticisms have been developed?
2.2.1 The exogeneity of preferences
Even before discussing the rationality of individual preferences, a prior
question is the origin of the preferences themselves. It might seem
obvious that the beliefs, values, and tastes of human beings are not
formed independent of the social context. While it is clear that we all
have basic needs arising from our physical nature – requirements for
nourishment, shelter, and contact with other persons – there can be no
doubt that a large segment of our mental makeup is socially constructed
from our upbringing, experiences, and culture (Brekke and Howarth
2000, 2002). It is an unjustiﬁed (and unjustiﬁable) analytical simpliﬁcation to treat people’s preferences as determined outside the social
landscape. Yet neoclassical economics makes just this leap; it makes no
attempt to analyze or understand how or why some material goods are
learned to be desirable while others are devalued.
A related and perhaps even more fundamental point is that no system
of thought based on analyzing the happiness derived from material
goods can adequately address the ultimately philosophical question of
what constitutes “the good.” It is undeniable that many of the most
important things that affect well-being are “commodities” only under
the most encompassing of deﬁnitions. Family and community relationships, the welfare of one’s children, environmental quality, personal
security, and good health are “commodities” only if the meaning of that
term is stretched almost beyond recognition. And, of course, happiness
is not obtained through the acquisition of commodities alone.2 Furthermore, the concept of “the good” transcends happiness. Moral and
ethical principles can (and sometimes must) supercede considerations
of personal satisfaction. Heroic deeds, such as those performed by the
New York police and ﬁreﬁghters, or the airline passengers who resisted
the hijackers on September 11, are not measured by a utilitymaximization calculus. Climate policy extends into the realm of ethics
too, because the consequences of decisions made by people now alive
will affect others not yet born. Thus, no analysis of climate policy can
be complete if it is based solely on the preferences of those now living.
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The fact that “the good” involves more than material well-being does
not, of course, diminish the value of economics as a means of gaining
insight into human affairs. Production, trade, and consumption are
essential components of life, and the pursuit of happiness or enlightenment is difﬁcult without a base of material security. A society’s economy might be compared to the plumbing in a house – the plumbing
is not the main determinant of the well-being of the house’s occupants, but it is important that the plumbing function well. Even so, the
“Integrated Assessment” of climate change (and the design of policies
to address climate change) goes beyond the workaday operation of the
economy because climate stability – and global environmental protection generally – involves the whole of humans’ physical surroundings
and the fate of the entire biosphere. Of course, economic theory can be
expanded to cover all human activities: “leisure” can be treated as a
commodity to be consumed; clean air, climate stability, and biodiversity likewise. But the more the scope of economic analysis is expanded
to include such things, the less tenable is the presumption that preferences can simply be taken as given.
The treatment of tastes as exogenous is particularly noninnocuous
with respect to climate change. The consequences of climate change
may occur to people distant from us spatially and temporally. Whether
or not such impacts “matter” to us is a question of ethics and values
that is very far removed from the creature-based cravings for food and
shelter that are perhaps least dependent on culture. Hence, to initiate a
discussion of “the economics of climate change” starting from the presumption that individual tastes and preferences are given from outside
the system distorts the nature of the problem.
In the context of policy analysis, the assumption of the immutability and exogeneity of tastes imparts a peculiar form of conservative bias
to the exercise. If tastes are given, there is no legitimate room for education or political persuasion. Thus, the notion that the people in a
democratic society might be convinced that they should change their
behavior or institutions in response to an environmental threat is ruled
out. Even if the educated elite were to grasp the technically complex
arguments and information necessary to see an impending climate
problem, the elite would have no role, within the conﬁnes of “economic
analysis,” for imparting their superior insight to the masses. Of course,
no one in a well-functioning democracy would operate as if this were
the case. Discussion, debate, and argument are essential features of a
healthy polity. Tolerance means an honest acknowledgment of differences and recognition of the rights of others, not an indifference to the
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path of social development or the fate of one’s fellow human beings.
Yet strict adherence to the immutability of preferences would deny the
reality (and effectiveness) of the interpersonal communication that is
ubiquitous in human societies.
2.2.2 Markets require property rights
Suppose, however, that we were willing to accept preferences as given.
Conventional economic analysis then entails a working out of the terms
of exchange (prices) and allocations of productive resources given those
preferences. Markets are the social mechanisms by which this is accomplished. Markets are deﬁned by the exchange transactions that take
place between individuals, and a precondition for such exchanges is the
existence of well-deﬁned property rights in the commodities that are
being exchanged. Property rights and the associated rules for their
enforcement are nothing other than a way of specifying the spheres of
control of the agents in the economy. My property right in my home
enables me to exclude others from its use; my right to exchange my
labor for income is a way of ensuring that I am fairly compensated
for my efforts (provided there are a number of employers willing to
compete for my services, and that I have the freedom to choose between
job offers).
The liberal tradition places a high social value on market transactions
because of the welfare implications of their being voluntary. Voluntary
transactions are guaranteed to improve the well-being of both parties,
because if they did not, they would not take place.3 Nevertheless, this
ideal outcome should not be assumed to govern every eventuality. In
particular, there may be no “property rights” associated with some of
the things that impinge on a person’s well-being. This absence of complete property rights results in “externalities.” Usually these externalities are treated as an exception to the general cases encompassed by the
economic model, but in fact they are endemic.4 Where global climate
stability is at stake, no system of property rights now exists that enables
individuals to express their preferences for one kind of climate regime
versus another; nor would it be a simple matter to set up a system that
would enable the market exchange paradigm to achieve anything like
a desirable outcome. Nevertheless, the deﬁnition and enforcement of
appropriate property rights are a social and political problem that must
be solved prior to the successful functioning of an economic system
based on market transactions and exchange.
Numerous policy proposals are being advanced to create property
rights suitable for climate protection. The Kyoto Protocol, by specifying
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national greenhouse gas emission limits, represents a step in this direction. The “property right” to emit CO2 and the other controlled greenhouse gases for countries adhering to the Protocol is deﬁned in terms
of a particular percentage of those countries’ 1990 levels of emissions.
The countries participating in the Kyoto system will be able to conduct
a limited amount of trade of their emissions rights. Although there is
no apparent movement within the United States to adhere to Kyoto,
several proposals to reduce greenhouse gas emissions by deﬁning new
property rights are in play. One example is the “Sky Trust” (Barnes and
Pomerance 2000, Barnes 2001). A national emissions limit would be
speciﬁed with emissions permits assigned to a permanent trust. Each
year, dividends (arising out of revenues from the permits) would be distributed to the citizens of the US on an equal per capita basis.5
A similar plan for distribution of greenhouse gas emissions permits
on an equal global per capita basis has been advanced by EcoEquity
(Athanasiou and Baer 2001). An outline of their proposal was recently
published in the policy forum of Science (Baer et al. 2000). Other suggestions involving creation of new rights include placing a cap on the
prices of emissions permits issued by governments (Kopp et al. 1997),
or the McKibbin–Wilcoxen proposal that would create, in each country,
two kinds of assets – an emission permit required by fossil fuel industries to supply a unit of carbon annually and an emission endowment
giving the owner an emission permit every year forever. Under the
McKibbin–Wilcoxen plan, the price of the annual permits over the ﬁrst
few years would be ﬁxed by international negotiation (thereby controlling potential short-run costs), while the price of the perpetual
endowment would reﬂect expectations of future permit prices (to be
determined periodically by renegotiation in light of scientiﬁc and technical information), much as a stock certiﬁcate reﬂects expected future
dividends. A signiﬁcant portion of the initial allocation of the endowment could be given to the fossil fuel industries to enlist their political
support for the proposal (McKibbin 2000). Of course, the status quo also
represents an implicit assignment of rights: as things now stand, anyone
has the right to use the atmosphere for disposal of CO2 and other greenhouse gasses at zero charge.
It will be shown subsequently that the creation and assignment of
these kinds of rights will have a profound impact on the shape of economic activity over time. In an interdependent (general equilibrium)
economic system, the pattern of rights ownership affects prices, incomes,
and allocations of all goods and services. For the moment, it is sufﬁcient to observe that market transactions cannot guarantee individuals’
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well-being when property rights in vital commodities have not been
deﬁned. Consider the case of conventional cost–beneﬁt analysis (CBA).6
In CBA, the costs of environmental protection (measured in terms of
reductions in marketed outputs or increases in the costs of production
of a given level of output) are compared to some kind of monetized
measure of beneﬁts. The implicit justiﬁcation for this approach is in
the standard economic representation of the equilibrium of the consumer. In equilibrium, the ratios of marginal utility to price for each
good are equal. The equality of these ratios across all commodities
means that, at prevailing prices, the consumer gains the same additional
or marginal utility from expenditure of a dollar of income on any of
the commodities. Alternatively, the consumer is indifferent to subtracting a dollar of expenditure from one of the commodities and spending
it on another. The argument is that if this “indifference condition”
did not hold, the consumer could increase his utility by rearranging
expenditures.
But how can such reasoning be applied to commodities (climate stability, air pollution levels, or biodiversity) for which no markets and no
property rights exist? There is no social determination of the “prices”
at which these “commodities” might be transacted, because they are not
exchanged at all. The levels of risk from climate change or loss of biodiversity that people bear are purely a consequence of other activities
undertaken in response to other incentives (such as the prices for inputs
and outputs that do prevail in real markets). Hence, to conduct a CBA,
prices have to be assumed or imputed for the environmental goods. A
variety of techniques are employed for this purpose.
For example, wage differentials in jobs requiring similar qualiﬁcations
but having different levels of risk can be assumed to represent the disutility of risk in general. The wage differences therefore represent “compensating variation” for the differing levels of risk associated with the
different jobs. Similarly, the price of safety devices (smoke detectors,
automobile air bags) might be taken as a measure of how much people
are willing to pay to avert certain kinds of risk. There are several problems in applying this approach to valuing the risks of climate change,
however. The value for the “price of risk” obtained in different markets
varies by as much as an order of magnitude (Viscusi 1993). Part of the
reason has to do with selection; a willingness on the part of some individuals to work in a risky industry such as Alaska ﬁshing does not mean
that the wage premium offered for that work would be sufﬁcient to
entice most people to take on the risk. In addition, if avoidance of risk
is an ordinary good, then willingness to bear risk should decrease with
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wealth, compounding the problem of extracting risk preferences from
wage data. It is also the case that people have different attitudes towards
different types of risk. It is much more unpleasant to bear a risk imposed
without one’s consent than to undertake a risk voluntarily. Most people
would hate to have a nuclear power plant sited in their neighborhood,
but (at least some of) those same people are willing to pay large sums
of money to risk life and limb on the ski slopes. Climate change falls
into the category of an imposed risk as opposed to one freely undertaken. Also, it is not at all clear that people make informed estimates of
the risks of various activities. For many years, people resisted using
safety belts in automobiles because they feared being trapped in a
burning wreck, when in fact the risk of fatality or serious injury from
being thrown from the car (or from smashing into interior surfaces) was
many times greater. In the case of climate change, even specialist experts
are not sure of the nature and magnitude of the risks; it is impossible
for an ordinary citizen to know them. Finally, nothing in the theory of
“risk pricing” explains why people undertake deadly activities such as
smoking.7 It seems quite plausible that these behaviors are conditioned
by a combination of misperceptions of risk and “social” effects such as
peer group pressure or status-seeking.8
There is another method used to impute prices to nontransacted environmental commodities. This method is known as contingent valuation
or CV. In CV analysis, people are asked what they would be willing to
pay for (or how much would be required to compensate them for) the
use or loss of an environmental beneﬁt. A variety of survey techniques
can be used, including the “referendum”-style question in which people
are asked to give a yes or no answer to the question of whether they
would pay a named amount to prevent an environmental loss such as
a particular climate change scenario. There are two fundamental limitations to this approach as applied to climate issues. The ﬁrst is that
only people alive today can be surveyed, and hence the response
data pertains only to members of the current generation. The second is
that the climate problem is so complex, with regard to possible policy
approaches but especially with regard to the consequences of climate
change, that it is unrealistic to expect ordinary citizens to be able to
give informed responses to any survey no matter how well designed.
Expert opinion on the magnitude, timing, and risks of climate change
varies. Only a mechanical faith that “democracy” or “public opinion”
can somehow miraculously aggregate disparate, partial, and frequently
conﬂicting information into a coherent and reasonable policy can
justify reliance on survey information to serve as a guide for policy. This
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is not to say that public opinion and beliefs should not be relevant,
only that the responses of the relatively uninformed public to a policy
challenge cannot be guaranteed to produce a good outcome. This is
an instance of the phenomenon in political theory known as “public
ignorance” that has strong implications for what can and cannot be
expected from democratic political systems (Friedman 1997, DeCanio
2000a).
In addition to these fundamental limitations, there are very serious
technical problems that limit the applicability of CV information to
climate policy analysis. These technical problems include the presence
of “protest votes” (in which respondents refuse to answer the question)
and the “embeddedness problem” (that the willingness to pay (WTP)
for a set of environmental values appears to be no larger than the WTP
for one of the parts).9 In one famous example, Desvousges et al. (1993)
found a WTP to avoid killing birds that was similar for saving 2000,
20,000, or 200,000 birds. The WTP methodology must exclude feelings
of altruism or public-spiritedness from individuals’ responses. Otherwise, WTP would imply that income should be redistributed in favor
of people who care about each other. These and other conceptual and
empirical difﬁculties led Diamond and Hausman to say:
In short, we think that the evidence supports the conclusion that to
date, contingent valuation surveys do not measure the preferences
they attempt to measure. Moreover, we present reasons for thinking
that changes in survey methods are not likely to change this conclusion. Viewed alternatively as opinion polls on possible government actions, we think that these surveys do not have much
information to contribute to informed policy-making. Thus, we
conclude that reliance on contingent valuation surveys in either
damage assessments or in government decision making is basically
misguided.
(1994, p. 46)
Most signiﬁcant for climate issues (and independent of the controversy over the technical issues in survey design) is the problem that CV
questions are predicated on the existing deﬁnitions and distribution of
property rights. A poor farmer in a developing country might be willing
to pay very little to implement a regulatory policy to reduce greenhouse
gas emissions worldwide, but his view would be different if the carbonreduction policy entailed creation of “atmospheric rights” to greenhouse
gas emissions, and the distribution of those rights on an equal per
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capita basis globally (as called for in the EcoEquity plan, for example).
“Willingness to pay” under existing property rights can be seen almost
entirely as an added burden, while a policy of distributing atmospheric
rights would involve creation of a valuable new form of wealth.
The only way to obtain market information on individuals’ preferences regarding climate change or other important environmental
goods is through the creation and assignment of property rights in those
goods. Even the existence of well-functioning markets is not enough to
guarantee good social outcomes, however. The key advantage of market
transactions is that they are voluntary and hence putatively beneﬁcial
to both parties to the transaction. However, the very notion of what is
voluntary cannot be separated from the deﬁnition of the property rights
and the assignment of their ownership. People can voluntarily exchange
what belongs to them, but the category of “belonging” is socially and
legally determined. Thus, a laissez-faire State might be one that deﬁnes
and enforces private ownership of titles to land, shares of stock in corporations, and bonds, while a Welfare State may deﬁne entitlements to
minimum incomes or particular forms of medical care. In the laissezfaire State there might be no noncoercive way to obtain medical care if
an individual lacks the wealth to pay for it; in general, voluntary transactions are possible only if both parties to the transaction want something legitimately owned by the other party. A person who, for example,
lacked sufﬁcient wealth to obtain some desired medical treatment
could only obtain the treatment by “coercively” violating the health
care providers’ rights. In the Welfare State, on the other hand, entitlements equivalent to property rights enable transactions to take place
that otherwise would not, and “coercion” takes the form of Statesanctioned redistributive measures necessary to support the entitlements. The difference is not that one type of State is coercive and the
other is not; rather, the difference is in which property rights are deﬁned
and enforced (Friedman 1990).
The voluntary transactions of the market system, while improving the
well-being of the transactors, ultimately have indeterminate effects on
other members of the society. The price changes that accompany technological progress inevitably have distributional effects. Consider an
example. Before electronic computers, there was a signiﬁcant market for
mechanical calculating machines. The Economics Department at MIT
in the late 1960s had a room ﬁlled with unused electromechanical
calculators, capable only of addition, subtraction, multiplication, and
division, neatly arrayed in rows, forlornly awaiting gangs of graduate
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students who would never come again to employ them for calculating
regression statistics. The machines themselves were ingenious contraptions of keys, wheels, and carriages. Within a few years after the onset
of programmable electronic computers, they were gone, assigned either
to landﬁlls or to museum exhibits. The human and physical capital that
had been employed in their manufacture was devalued in the “creative
destruction” (Schumpeter’s memorable phrase) that accompanied the
rise of electronic computers. This type of effect is known in economics
as a “pecuniary externality,” and is the inevitable accompaniment of
technological change. In this example, the holders of stock in the
makers of the calculators were losers, while those who had invested in
IBM were gainers (other things equal).
How do we know that “technological progress” is welfare-improving?
There appears to be no a priori way of concluding that it must be. It
is possible to imagine a type of technological change that would come
to dominate the market and yet would reduce people’s well-being.
For example, surveillance technology could lead to complete real-time
monitoring of the movements and activities of all citizens, and such
technologies might be adopted in response to social demands (to deter
running red lights, to enable parents to know where their children are
at all times, to speed paramedics to heart-attack victims, to prevent terrorism, etc.), but at the same time the universal adoption of those technologies could lead to a lowering of welfare (through loss of privacy and
police-state controls). Purely private-sector examples can also be imagined – it seems likely that the diffusion of antibacterial home cleansing
products only speeds up the evolution of resistant strains of pathogens.
The fact that technological progress has been welfare-improving over
humanity’s historical experience is an empirical observation, not a logical
necessity.
Finally, it should always be kept in mind that voluntary market
exchanges are not the only ways in which economic transactions can
be mediated. Relying on its power of taxation and monopoly of legitimate force, the State can appropriate wealth for its own purposes (purposes which may or may not be supported by the populace).10 The most
important transactions within families take place according to rules of
reciprocity and mutual affection that have little to do with market
mechanisms. A great many interactions within organizations are shaped
by relative power relations, or by the requirements of bureaucratic
procedures. Market transactions are an important category of social
activity, but can hardly be construed to be the archetype of human
interaction.
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Economic modeling practice largely ignores these varieties of
human interpersonal relations and focuses on market or market-like
exchanges.11 In doing so, however, more is required than the elevation
of some parts of the human personality (and certain social institutions)
to center stage while ignoring all the rest. In addition to the radical
autonomy and well-deﬁned property rights required for a marketoriented world view, economists also assume that people adhere to the
economic version of rationality (see above). This kind of narrow
deﬁnition of rationality is both a strength and weakness of conventional
economic theory. It is a strength because it leads to testable propositions, a requirement of any genuine science.12 It may also be appropriate as a normative stance (applied to some individual choice problems,
intended to support decision-making). It is a weakness because it forces
economics into a posture in which very large segments of human behavior necessarily lie outside consideration.13
It should also be noted that preferences in the standard neoclassical
model are entirely “atomistic,” that is, an individual’s utility is a function only of his own consumption of goods and services, and does not
depend in any way on the consumption of others. There are at least two
reasons why this extreme version of individualism is not valid. First, we
know that the well-being of others does inﬂuence our own happiness.
Radical altruism is not required; even economics recognizes that the
household is more plausible as a decision-making unit than the individual, because of the close personal ties between household members.
But even beyond the household, it is implausible that we are not
affected by the situation of others with whom we come in contact. A
given material standard of living will produce different levels of utility
if one is surrounded by armies of beggars and destitute homeless people
as opposed to encountering other individuals of comfortable means. It
does not matter if the adverse impact of the poverty-stricken is treated
as an “externality” in the modeling of preferences; the result is to make
each person’s utility dependent to some degree on the general social
level.
Of equal force is the observation that people derive utility from socalled positional goods, goods whose values depend on the individual’s
possession of them relative to other members of society. One version of
this is the notion that relative consumption enters the utility function,
not just the absolute level of consumption. It is well known that the
existence of relative consumption effects or positional goods destroys
the Pareto optimality of the general equilibrium (Howarth 1996, Frank
1985a, see also Frank 1985b). Yet the presence of these effects is surely
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ubiquitous. If any economist doubts this, he or she should consider the
preoccupation of Economics Departments with their relative academic
rankings.
This chapter will not revisit the issues surrounding economic rationality, or the other elements of the “outside” critique. Instead, the
limitations imposed by the economic description of human activity will
be taken as working hypotheses. What is not commonly understood is
that even within the strictly economic domain, the range of possible social
outcomes is much greater (and more complex) than the conventional neoclassical computable general equilibrium (CGE) models used for integrated
assessment suggest. If one accepts all of the assumptions regarding
individual rationality, the availability of information, the exogeneity of
tastes and preferences, and the kinds of transactions that are allowed to
take place, the outcome in models of general equilibrium is remarkably
open-ended. That is, the standard economic assumptions, even if they
apply perfectly to the individual agents making up the economy,
are not sufﬁcient to specify the properties of the economy as a whole.
The implications of the assumptions for individual behavior do not, in
general, carry over to a comparable set of implications for aggregate
behavior.14 This means that general equilibrium economic models as
presently constituted cannot provide unambiguous climate policy
guidance. To force “answers” out of such models necessitates invoking
a number of nonscientiﬁc and untested assumptions.

2.3 The “inside” critique
In order to make rational consumers part of applied general equilibrium
models, the standard practice is to describe the consumers’ behavior in
terms of a “utility function.”15 The consumer’s utility function is a
theoretical ﬁction that provides a starting point for the derivation of
observable relationships. Positing utility functions for the consumers
bypasses all the questions of how preferences are formed, whether
individuals behave rationally, whether tastes can be described fully in
terms of well-deﬁned commodities, and all the other metacriticisms of
economic methodology touched on previously. In what follows, all the
neoclassical assumptions regarding the existence and consistency of
preferences are taken as given.
The utility functions of consumers can never be observed directly (and
in principle cannot be observed, because the utility function is speciﬁed
only up to a monotonic transformation); only the consequences of
utility maximization – the individual demand functions – can possibly
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correspond to observable phenomena. (The demand functions relate
quantities purchased and consumed to relative prices and the wealth or
income of the consumer.) Equilibrium prevails when aggregate demand
(deﬁned as the sum of the individuals’ demands) equals aggregate supply
for each commodity. The fact that market-clearing equilibrium is deﬁned in terms of the aggregate demand and supply functions for the
commodities is the Achilles’ heel of applied general equilibrium models.
Economic theory shows that aggregate demand functions cannot be
guaranteed to have the same properties as individual demand functions.
In fact, aggregate demand functions can have almost any shape at all.
One implication of this key theoretical result is that it is not proper to
lump consumers together as a “representative agent” whose demand
behavior is the same as that of an individual. Another implication is that
aggregate demand functions based on perfectly rational individual
behavior can lead to multiple equilibria and unstable dynamics, either
of which would be sufﬁcient to call into question the kinds of uses to
which the models are put in climate policy analysis.
2.3.1 Multiple equilibria
These theoretical results have been well-known since the 1970s.16 They
are the culmination of a century of development of economic ideas.
The results were derived by the most distinguished economic theorists
and published in the most accessible journals. There is no professional
“dissensus” on the validity of the proofs. One might think that in the
normal course of scientiﬁc progress, these insights would be incorporated into the state-of-the-art models used for policy analysis. Yet the
reality is that, for the most part, these results have essentially been
ignored by policy-oriented economists. There has been no concerted
effort to determine whether the conditions under which a general equilibrium representation of the economy is well-behaved (that is, whether
it has a unique and stable equilibrium) prevail in actuality. Instead, the
economists whose CGE integrated assessment models are most inﬂuential in climate policy circles have simply assumed conditions that
guarantee that their models will be well-behaved. Those assumptions
are usually made implicitly and without discussion, and have become
acceptable in the peer-reviewed literature as the “standard” of practice.
This is not the same thing, unfortunately, as their being valid.17
Just how serious is this problem? A good way to illustrate what is at
stake is to examine some small general equilibrium models that display
the problematic behavior. By exploring the factors that make for trouble
(like multiple equilibria, dynamic instability, etc.), one can see what
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would have to be tested for or established empirically if the project of
using general equilibrium models for climate policy analysis were to be
solidly grounded. It will also be possible to illustrate how different prior
visualizations of how environmental goods enter people’s preferences
may account for the apparently irreconcilable perspectives of economists and environmentalists. The behavior of the examples will shed
light on the policy debate, because as we shall see, the conventional
integrated assessment models either rule out by assumption the possibilities of greatest concern to environmentalists, or are based on empirical
research that could not possibly reveal the underlying conditions that make
the troublesome outcomes appear.
For simplicity, we will consider ﬁrst exchange economies in which
there is no production.18 Each of the consumers begins with an endowment of one or more of the commodities in the economy, and each
behaves as a price taker. In other words, there is no strategic behavior,
no formation of alliances or cartels, and no problems of information
or uncertainty. The examples will be ones in which there are only a few
consumers and commodities. Consumers’ preferences will be represented by utility functions of the “constant elasticity of substitution”
(CES) type. This is a standard functional form that enables the degree
of substitutability of the goods to be characterized by a single parameter in the utility function.
The elasticity of substitution between commodities indicates how
large a change in the optimal consumption mix would result from a
change in the relative prices faced by the consumer. Commodities are
“substitutes” if a small change in their relative prices leads to a large
change in the relative quantities consumed; the commodities are “complements” if a large change in relative prices results in only a small shift
in the relative consumption of the two goods. Intuitively, goods are
complements if the enjoyment of each is highly dependent on possession of the other; they are substitutes if either can be enjoyed without
regard to the other. In standard economic textbooks (and in the commonsense lay understanding), substitutes are goods that fulﬁll the same
function: home appliances of different colors are substitutes; public
transport plus a bicycle is a substitute for a car; and food purchased at
the supermarket and prepared at home is a substitute for restaurant
meals. Complementarity of goods also has a commonsense interpretation. Left and right shoes are complements. In a less trivial example, for
most parents their own consumption and that of their children are
highly complementary – it is difﬁcult to imagine parents who could
enjoy a high standard of living if their children were impoverished.
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Figure 2.1(a) Utility surface for two goods with high elasticity of substitution

Similarly, the enjoyment of automobiles is dependent on the existence
of a smoothly functioning street and highway system; if roads are perpetually clogged by trafﬁc jams and construction projects, little pleasure
can be derived from driving.
A simpliﬁed illustration of complementarity and substitutability is
given in Figures 2.1(a) and (b), giving a picture of the consumer’s utility
function in the case of two goods. The light gray horizontal plane in
both ﬁgures is drawn for a particular level of utility. The intersection of
the utility surfaces (dark gray) with the utility level would trace out the
familiar two-dimensional indifference curves for each of the two utility
functions.
For our purposes, one key empirical issue is the elasticity of substitution between environmental goods of various types and for the
ordinary goods and services that are transacted in markets. The
conventional economist’s view is that environmental goods are substitutes with respect to marketed goods. This is implicit in CBA, where
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Figure 2.1(b) Utility surface for two goods with low elasticity of substitution

policies are evaluated by comparing the (imputed) value of environmental beneﬁts to the cost of environmental protection policies. For
policies involving large reallocations (such as would be required for
climate stabilization, for example) this criterion requires essentially
perfect substitutability between the environmental goods and marketed
goods (as well as the presumption that the imputed price of the environmental goods is exactly right).19 In the environmentalist view, on
the other hand, environmental quality is highly complementary to the
goods obtained through the market – even a very large increase in the
consumption of marketed goods could not compensate for climate
instability or the massive loss of biodiversity.
Of equal or greater concern for climate policy is the degree to which
goods can be substituted over time. This is measured by the intertemporal elasticity of substitution, a parameter about which there has
developed a considerable econometric literature. Chapter 3 will contain
a full discussion of the treatment of time in climate models, so a further
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discussion of the intertemporal elasticity of substitution will be deferred
until then.
To move beyond graphical and verbal descriptions, it is necessary to
set up a simple general equilibrium model. The starting point of such a
model is the mathematical description of the individual consumers’
utility functions. In the ﬁrst simple model that will be discussed,20 the
utility functions will take the form
n

ui = Â
j =1

aij xijbi
bi

(2.1)

where ui is the utility of the ith individual, xij is the consumption of
good j by individual i, and the parameters aij and bi describe the
preferences of individual i. The aij may be thought of as the weights
that individual i attaches to each commodity’s consumption, while the
bi parameter captures the degree of substitutability between commodities in individual i’s utility. This utility function is of the constant elasticity of substitution type because the parameter bi is common to all
commodities for individual i. The index n denotes the number of commodities, and in the models that will be considered here this will also
indicate the number of agents (i.e., there will be the same number of
agents and goods).21
The degree of substitutability could in principle differ between goods
for a given consumer. The assumption that the same bi is common to
all goods is a simpliﬁcation for expositional and mathematical convenience.22 Formally, the elasticity of substitution between any two goods
is deﬁned as the percentage change in the ratio of the optimal quantities of the two goods consumed, in response to a percentage change in
their relative prices, holding the level of utility constant. That is, the
elasticity of substitution hjk between goods j and k (for individual i) is
deﬁned as
hjk =

(

∂ log xij* xik*

)

∂ log( p j pk )

(2.2)

where x*ij and x*ik are the utility-maximizing values of goods j and k consumed at prices pj and pk. It is easy to show that for the utility functions
speciﬁed in equation (2.1), this elasticity of substitution between any
two goods for the ith consumer is given by
hjk =

1
1 - bi

(2.3)
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For values of bi ranging from 0 to -•, the elasticity of substitution ranges
from 1 to zero; for values of bi greater than zero but less than 1, the
elasticity of substitution ranges from 1 to +•.23 Goods are complements
for low values of the elasticity of substitution; they are substitutes for
relatively high values.24
The initial conditions for the exchange economy are completed by
specifying the endowments of each consumer. (Remember, there is no
production, so all the goods originate as endowments held by the
consumers.) The ith consumer’s endowment of the jth commodity is
given by wij. The prices of the commodities are pj ( j = 1, . . . , n). Consumer behavior is speciﬁed by the condition that each consumer maximizes utility, subject to the budget constraint determined by the
consumer’s endowments. That is, each consumer solves the problem,
max(ui )
xi 1 ,xi 2,K,xin

n

subject to

n

Âp x -Âpw
j ij

j =1

j

ij

£0

(2.4)

j =1

Solving the system of ﬁrst-order conditions obtained from the consumers’ maximization problems results in individuals’ demand functions in which the demands for each commodity are a function of
the prices and the endowments. These individual demand functions are
denoted by starred values, with x*ij(p1, p2, . . . , pn; wi1, wi2, . . . , win, bi)
being the demand of individual i for good j. Solving the ﬁrst-order
conditions yields utility maxima for the individuals because the utility
functions are all convex to the origin.
Market equilibrium is then determined by the condition that the
“market excess demand” for each commodity be equal to zero. That
is, the total amount of each commodity demanded by the consumers
(obtained by summing their individual demands) is equal to the total
amount of that commodity available in the economy (obtained by
summing the individual consumers’ endowments). This condition
amounts to the requirement that
f j ( p1 , p2 , . . . , pn ; "aij ,w ij , bi )
n

n

i =1

i =1

= Â xij* ( p1 , p2 , . . . , pn ;w i1 ,w i 2 , . . . ,w in , bi ) - Â w ij = 0

(2.5)

for all n goods j. The excess demand functions f j are functions of all
prices as well as all the individual endowments and the parameters
of the utility functions. It is known from basic price theory that these
functions are homogeneous of degree zero in the prices, that is, only
relative prices matter. (This must be so because the set of feasible
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consumption bundles for any individual consumer cannot change if all
prices are multiplied by a scalar constant, and the market demand function is made up of the sum of the individual consumer demand functions.) Homogeneity of degree zero implies that there are only n - 1
independent equations like (2.5). One of the goods can be taken as the
numeraire and its price set, so that the n - 1 independent equations can
be solved for the remaining prices. Alternatively, a price normalization
rule (such as requiring that the prices sum to one) can be imposed
without altering the substantive results of the model.
The setup of the model economy is completed by speciﬁcation of the
numerical values of the parameters. First, consider the very simple case
of two consumers and two goods, as described by Kehoe (1998). In
Kehoe’s example, the parameter values are a11 = a22 = 1024, a12 = a21 =
1, w11 = w22 = 60, w12 = w21 = 5, and b1 = b2 = -4. With good 2 taken as
numeraire, this economy has three equilibria. The three values of p1 are
0.127, 1.0, and 7.856. To see the source of the multiplicity of equilibria
in this simple example, consider how various combinations of prices
and parameter values can satisfy the market-clearing condition of equation (2.5). Suppose that a11 = a22, and the other parameter values are as
in Kehoe’s example. Figure 2.2 shows a three-dimensional plot of the
excess demand for good 1, as a function of p1, for different values of a11.
In Figure 2.2, the light gray plane represents the market equilibrium
condition, f 1 = 0. The equilibria corresponding to different values of a11
are the points at which the dark gray surface (the market excess demand
function) intersects the f 1 = 0 plane. For low values of a11, the excess
demand surface cuts the f 1 = 0 plane only once for each a11, and there
is only a single equilibrium (at p1 = 1). However, for values of a11 > 41.7
(approximately), there are multiple equilibria as the excess demand
function cuts the f 1 = 0 plane three times for each value of a11.
This example of Kehoe’s is instructive, but it does not convey the
extent of the possibilities for multiple equilibria inherent in simple
general equilibrium models. Consider a similar but somewhat expanded
example with ﬁve consumers and ﬁve goods. Again, all ﬁve consumers
have symmetric utility functions, with bi = -4 (i = 1, . . . , 5), aii = 1024
(i = 1, . . . , 5), and aij = 1 (i π j, "i, j). The initial endowments of the
commodities are given by wii = 60 (i = 1, . . . , 5) and wij = 1 (i π j, "i, j).
Prices are normalized to sum to one.25 The speciﬁed values of bi correspond to elasticities of substitution of 0.2 between all pairs of goods for
all consumers. In this simple case, the economy has at least 31 distinct
equilibria. These are displayed in Table 2.1.26 Because the endowments
are symmetrical and the prices add to one, GDP will be the same in all
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Figure 2.2 Excess demand for good 1 as a function of p1 and a11

the equilibria in this economy.27 The utility rankings in this case correspond to the individual income levels yi for each of the ﬁve agents. (For
each agent i, yi = Sjpjxij.) As will be seen below, this correspondence
between utility rankings and individuals’ money incomes does not hold
in general.
In any event, it is clear that there is no way to rank the equilibria
unambiguously in terms of their social desirability. Equilibria 6–10 show
the greatest inequality, and are most preferred by the single (different)
“winners” and least preferred by the four “losers” in each case. Any one
of these ﬁve equilibria would seem quite pleasant to the person who
happened to be at the top of the income distribution, but would be
miserable (relatively speaking) for everyone else. Observe that every
kind of income distribution is possible: one high-income agent and four
low-income agents (equilibria 6–10); two high-income agents and three
low-income agents (equilibria 22–31); three relatively high-income
agents and two relatively low-income agents (equilibria 11–20); four
relatively high-income agents and one relatively low-income agent
(equilibria 1–5), and the completely egalitarian distribution (equilibrium

Table 2.1 Equilibrium prices, incomes, and Gini index of inequality, symmetrical 5 ¥ 5 economy
Equilibrium

Prices

Utility rankings (8 = best)

Incomes

Gini

p2

p3

p4

p5

y1

y2

y3

y4

y5

u1

u2

u3

u4

u5

1
2
3
4
5

0.067
0.233
0.233
0.233
0.233

0.233
0.067
0.233
0.233
0.233

0.233
0.233
0.067
0.233
0.233

0.233
0.233
0.233
0.067
0.233

0.233
0.233
0.233
0.233
0.067

5.0
14.8
14.8
14.8
14.8

14.8
5.0
14.8
14.8
14.8

14.8
14.8
5.0
14.8
14.8

14.8
14.8
14.8
5.0
14.8

14.8
14.8
14.8
14.8
5.0

3
5
5
5
5

5
3
5
5
5

5
5
3
5
5

5
5
5
3
5

5
5
5
5
3

0.122
0.122
0.122
0.122
0.122

6
7
8
9
10

0.973
0.007
0.007
0.007
0.007

0.007
0.973
0.007
0.007
0.007

0.007
0.007
0.973
0.007
0.007

0.007
0.007
0.007
0.973
0.007

0.007
0.007
0.007
0.007
0.973

58.4
1.4
1.4
1.4
1.4

1.4
58.4
1.4
1.4
1.4

1.4
1.4
58.4
1.4
1.4

1.4
1.4
1.4
58.4
1.4

1.4
1.4
1.4
1.4
58.4

8
1
1
1
1

1
8
1
1
1

1
1
8
1
1

1
1
1
8
1

1
1
1
1
8

0.713
0.713
0.713
0.713
0.713

11
12
13
14
15
16

0.047
0.047
0.047
0.047
0.302
0.302

0.047
0.302
0.302
0.302
0.047
0.047

0.302
0.047
0.302
0.302
0.047
0.302

0.302
0.302
0.047
0.302
0.302
0.047

0.302
0.302
0.302
0.047
0.302
0.302

3.8
3.8
3.8
3.8
18.8
18.8

3.8
18.8
18.8
18.8
3.8
3.8

18.8
3.8
18.8
18.8
3.8
18.8

18.8
18.8
3.8
18.8
18.8
3.8

18.8
18.8
18.8
3.8
18.8
18.8

3
3
3
3
6
6

3
6
6
6
3
3

6
3
6
6
3
6

6
6
3
6
6
3

6
6
6
3
6
6

0.281
0.281
0.281
0.281
0.281
0.281
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Continued

Equilibrium

Prices

Utility rankings (8 = best)

Incomes

Gini

p1

p2

p3

p4

p5

y1

y2

y3

y4

y5

u1

u2

u3

u4

u5

17
18
19
20

0.302
0.302
0.302
0.302

0.047
0.302
0.302
0.302

0.302
0.047
0.047
0.302

0.302
0.047
0.302
0.047

0.047
0.302
0.047
0.047

18.8
18.8
18.8
18.8

3.8
18.8
18.8
18.8

18.8
3.8
3.8
18.8

18.8
3.8
18.8
3.8

3.8
18.8
3.8
3.8

6
6
6
6

3
6
6
6

6
3
3
6

6
3
6
3

3
6
3
3

0.281
0.281
0.281
0.281

21

0.200

0.200

0.200

0.200

0.200

12.8

12.8

12.8

12.8

12.8

4

4

4

4

4

0

22
23
24
25
26
27
28
29
30
31

0.464
0.464
0.464
0.464
0.024
0.024
0.024
0.024
0.024
0.024

0.464
0.024
0.024
0.024
0.464
0.464
0.464
0.024
0.024
0.024

0.024
0.464
0.024
0.024
0.464
0.024
0.024
0.464
0.464
0.024

0.024
0.024
0.464
0.024
0.024
0.464
0.024
0.464
0.024
0.464

0.024
0.024
0.024
0.464
0.024
0.024
0.464
0.024
0.464
0.464

28.4
28.4
28.4
28.4
2.4
2.4
2.4
2.4
2.4
2.4

28.4
2.4
2.4
2.4
28.4
28.4
28.4
2.4
2.4
2.4

2.4
28.4
2.4
2.4
28.4
2.4
2.4
28.4
28.4
2.4

2.4
2.4
28.4
2.4
2.4
28.4
2.4
28.4
2.4
28.4

2.4
2.4
2.4
28.4
2.4
2.4
28.4
2.4
28.4
28.4

7
7
7
7
2
2
2
2
2
2

7
2
2
2
7
7
7
2
2
2

2
7
2
2
7
2
2
7
7
2

2
2
7
2
2
7
2
7
2
7

2
2
2
7
2
2
7
2
7
7

0.488
0.488
0.488
0.488
0.488
0.488
0.488
0.488
0.488
0.488

Source: See text.
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21). The Gini coefﬁcient of income inequality varies dramatically
across the equilibria. The Gini index ranges from 0 for equilibrium 21
(the perfectly egalitarian income distribution) to the highly inegalitarian income distribution of equilibria 6 through 10 (Gini of 0.713).28
Equilibria 22 through 31 have an intermediate degree of income inequality, with a Gini index of 0.488. For comparison, from the end of
World War II through the early 1990s, the Gini coefﬁcient for inequality of household income in the United States has ranged from a low of
0.348 in 1968 to a high of 0.429 in 1992 (Weinberg 1996).
Each of these equilibria is a Pareto optimum: no consumer could be
made better off without decreasing the utility of at least one other
consumer. The fact that the ﬁrst-order conditions hold at each of
the equilibrium points guarantees this result.29 The multiplicity of
Pareto optimal equilibrium points does not mean, however, that the
consumers would be indifferent between such points, nor does it imply
which equilibrium would result from decentralized economic decisionmaking. If the members of society could somehow “vote” on which
equilibrium they would prefer, any of the 10 equilibria (11–20) could
command a majority. This majority would not necessarily be stable
politically, however. Every majority of three relatively well-off agents
corresponds to one of the equilibria 11–20. Any one of these majorities
of three would be vulnerable to reshufﬂing, as one of the disadvantaged
minority could offer part of his income as “side payments” to two
members of the majority as an inducement for them to form a new
majority coalition including the previously disadvantaged individual.30
This kind of reshufﬂing is hypothetical, of course; there is no way that
a society could even know about the existence and properties of all the
equilibria, let alone devise a procedure for choosing among them.
The different equilibria arise because the individuals have preferences
that differ, they have endowment patterns that differ, and the goods
are different (i.e., they are not good substitutes for each other). The
parameters of the utility functions are such that the individuals’
demand functions exhibit strong wealth effects. For an individual wellendowed with a particular good, an increase in the price of that good
can increase the individual’s wealth sufﬁciently to offset the “substitution effect” that would tend to cause the individual to substitute other
goods for the one whose price has increased. Such wealth effects are
not unknown even for nonenvironmental goods – perhaps the most
common illustration is the backward-bending labor supply curve (the
case in which a sufﬁcient increase in the wage induces the worker to
work less and consume more leisure).
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Figure 2.3 Demand surface for agent 1 and good 1, p3, p4 and p5 at equilibrium
7

An illustration of the operation of the wealth effect in the ﬁrst agent’s
demand for good 1 is given in Figure 2.3. This ﬁgure shows part of
the demand surface for good 1 by agent 1 as a function of the ﬁrst two
prices, p1 and p2, with the other prices held constant at their values in
equilibrium 7. Only part of the demand surface is shown for a limited
range of the two prices. For very low values of p1, the substitution effect
(of a change in p1) dominates and the demand function is downward
sloping as p1 increases, but the wealth effect comes to predominate for
larger values of p1 and the demand function increases with p1. Figure
2.3 does not tell the whole story of the demand by agent 1 for good 1,
of course. It is impossible to visualize geometrically the full shapes of
the individual demand functions or the even more complex market
demand functions in six dimensions (the ﬁve price dimensions plus the
quantity demanded).
The parameters of the utility functions in these examples are such as
to create strong wealth effects. However, the possibility of multiple equilibria in general equilibrium models is not just an artiﬁcially conjured
special case. As Kehoe puts it,
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Non-uniqueness of equilibrium does not seem so pathological a
situation as to warrant unqualiﬁed used of the simple comparative
statics method when dealing with general equilibrium models. . . .
[F]or most of these models no method now exists to determine
whether the equilibrium found . . . is unique. To make matters worse,
it appears that non-uniqueness of equilibria is an even more common situation in applied models that allow for such distortions as
taxes, price rigidities, and unemployment than it is in the simple
model. . . .
(1985, p. 145)
There is very little “lore” about the conditions under which the multiplicity of equilibria arises in practical applications.31 It certainly is not
possible to examine the expenditure shares of the different goods in the
economy and conclude from them that the ones with low shares in the
total value of output are “less important” than those with high shares.
In the model of Table 2.1, the expenditure shares of the different
goods are the same as their relative prices because the endowments
are completely symmetrical and the total quantity of each good is 64
units. But in equilibrium 6, for example, the expenditure share of
good 1 is 97.3 percent, while the shares of goods 2 through 5 are 0.7
percent each. Good 1 makes up the lion’s share of GDP, while goods 2,
3, 4, and 5 each make up less than 1 percent of GDP. However, this is
entirely a consequence of the fact that the economy happens to be in
equilibrium 6; in equilibrium 7, good 2 has the overwhelming expenditure share while the shares of the other goods are small. The expenditure shares of the different goods vary across each of the 31 equilibria.
Yet the utility functions and endowments are entirely symmetrical, so it
would be sensible to maintain that all the goods are equally “important.” If multiple equilibria exist, there is no way to infer the relative
importance of the goods to individuals from the expenditure shares of
the goods.
Some work has been done to explore the question of multiplicity in
applied models (see, for example, Kehoe and Whalley 1985), but even
if the computational burden were not formidable, checking existing
models for multiple equilibria would not really address the problem.
The reason is that the issue of multiple equilibria is often settled in
the design of the models without reference to any underlying economic
reality, and therefore is not an issue that can be explored by examination of ﬁnished models. We will return to this issue below.
Now consider the same type of 5 ¥ 5 model economy, but with one
minor change. All the utility functions are the same as in the ﬁrst
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example, and all the endowments are the same with the exception
that agent 1’s endowment of the ﬁrst good is 70 rather than 60. This
economy has at least 25 equilibria, as displayed in Table 2.2.
Table 2.2 is similar to Table 2.1 in that the agents’ utility rankings correspond to their income levels. Unlike in the previous model, however,
the GDP is not the same in all the equilibria. Because agent 1 has a
slightly larger endowment, the GDP values computed for the entire
economy follow the same ranking as the utility ranking for agent 1. This
surely does not correspond to any kind of “social” ranking of the equilibria however; it is evident from Table 2.2 that four out of the ﬁve
agents making up the economy would prefer any equilibrium (with the
exception of 12–15) to equilibrium 11, the one having the highest GDP.
(These relative rankings are independent of the price normalization rule,
again because the relative prices are not dependent on the normalization rule chosen.) As in Table 2.1, if the agents could vote on which
equilibrium the economy should reach, a majority could be put together
that would support one of the set from 16 through 19, although the
“divide the pie” type of political instability discussed before makes it
impossible to determine a particular majority-preferred equilibrium
within that set. The GDP of these equilibria are in fact the third-lowest
of the possibilities, because agent 1 fares poorly. The voting rules matter
as well. If a supermajority of four votes were required for the society to
pick an equilibrium, it would settle on equilibrium 1, which has a
higher GDP than any of the set 16–19 that would be reached by simple
majority rule.
A third example 5 ¥ 5 model differs from the ﬁrst two in that the consumers have different elasticities of substitution, as well as different
endowments. As in the ﬁrst two examples, there are ﬁve consumers
and ﬁve goods. The weights in the consumers’ utility functions are the
same as before, but now b1 = -3, b2 = -3, b3 = -4, b4 = -5, and b5 = -5.
The endowments are given by w11 = w55 = 70, w22 = w33 = w44 = 60, and
wij = 1 (i π j, "i, j). This third example also exhibits multiple equilibria.
The consumers’ utility functions are not symmetric, so the equilibria
will not fall into symmetrical groups as did many of the equilibria in
Tables 2.1 and 2.2. At the same time, because the numerical search for
equilibria is sensitive to the starting point (and possibly also to the
numerical search method), there is no guarantee that all the equilibria
are displayed in Table 2.3.32 The table contains the values for prices,
incomes, and utility rankings for ﬁve equilibria that were found,
however. As in the case of Table 2.2, the ranking of equilibria by GDP
tells us nothing about the social desirability of the equilibria. The GDP

Table 2.2 Equilibrium prices, incomes, and utility rankings, 5 ¥ 5 economy, asymmetrical endowments
Equilibrium

Prices
p2

p3

p4

p5

y1

y2

y3

y4

y5

Utility rankings (8 = best
for agent 1, 13 = best for
agents 2–5)
u1

u2

u3

u4

u5

GDP

1

0.017

0.246

0.246

0.246

0.246

2.2

15.5

15.5

15.5

15.5

4

10

10

10

10

64.1693

2
3
4
5

0.553
0.553
0.553
0.553

0.149
0.099
0.099
0.099

0.099
0.149
0.099
0.099

0.099
0.099
0.149
0.099

0.099
0.099
0.099
0.149

39.1
39.1
39.1
39.1

9.8
6.9
6.9
6.9

6.9
9.8
6.9
6.9

6.9
6.9
9.8
6.9

6.9
6.9
6.9
9.8

6
6
6
6

8
6
6
6

6
8
6
6

6
6
8
6

6
6
6
8

69.5290
69.5290
69.5290
69.5290

6
7
8
9

0.594
0.594
0.594
0.594

0.216
0.063
0.063
0.063

0.063
0.216
0.063
0.063

0.063
0.063
0.216
0.063

0.063
0.063
0.063
0.216

42.0
42.0
42.0
42.0

13.7
4.7
4.7
4.7

4.7
13.7
4.7
4.7

4.7
4.7
13.7
4.7

4.7
4.7
4.7
13.7

7
7
7
7

9
5
5
5

5
9
5
5

5
5
9
5

5
5
5
9

69.9405
69.9405
69.9405
69.9405

10

0.549

0.113

0.113

0.113

0.113

38.9

7.7

7.7

7.7

7.7

5

7

7

7

7

69.4866

11

0.937

0.016

0.016

0.016

0.016

65.7

1.9

1.9

1.9

1.9

8

2

2

2

2

73.3732

12

0.003

0.978

0.007

0.007

0.007

1.2

58.7

1.4

1.4

1.4

1

13

1

1

1

64.0287
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p1
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Continued

Equilibrium

Prices
p1

p2

p3

Incomes
p4

p5

y1

y2

y3

y4

y5

Utility rankings (8 = best
for agent 1, 13 = best for
agents 2–5)
u1

u2

u3

u4

u5

GDP

13
14
15

0.003
0.003
0.003

0.007
0.007
0.007

0.978
0.007
0.007

0.007
0.978
0.007

0.007
0.007
0.978

1.2
1.2
1.2

1.4
1.4
1.4

58.7
1.4
1.4

1.4
58.7
1.4

1.4
1.4
58.7

1
1
1

1
1
1

13
1
1

1
13
1

1
1
13

64.0287
64.0287
64.0287

16
17
18
19

0.014
0.014
0.014
0.014

0.043
0.314
0.314
0.314

0.314
0.043
0.314
0.314

0.314
0.314
0.043
0.314

0.314
0.314
0.314
0.043

2.0
2.0
2.0
2.0

3.5
19.6
19.6
19.6

19.6
3.5
19.6
19.6

19.6
19.6
3.5
19.6

19.6
19.6
19.6
3.5

3
3
3
3

4
11
11
11

11
4
11
11

11
11
4
11

11
11
11
4

64.1379
64.1379
64.1379
64.1379

20
21
22
23
24
25

0.009
0.009
0.009
0.009
0.009
0.009

0.473
0.473
0.473
0.022
0.022
0.022

0.473
0.022
0.022
0.473
0.473
0.022

0.022
0.473
0.022
0.473
0.022
0.473

0.022
0.022
0.473
0.022
0.473
0.473

1.6
1.6
1.6
1.6
1.6
1.6

28.9
28.9
28.9
2.3
2.3
2.3

28.9
2.3
2.3
28.9
28.9
2.3

2.3
28.9
2.3
28.9
2.3
28.9

2.3
2.3
28.9
2.3
28.9
28.9

2
2
2
2
2
2

12
12
12
3
3
3

12
3
3
12
12
3

3
12
3
12
3
12

3
3
12
3
12
12

64.0855
64.0855
64.0855
64.0855
64.0855
64.0855

Source: See text. Values for agent 1 are italicized to indicate that this agent’s endowment is different from that of the other agents.
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Table 2.2

Equilibrium

1
2
3
4
5
.
.
.
?
Source: See text.

Prices

Utility rankings (5 = best)

Incomes

p1

p2

p3

p4

p5

y1

y2

y3

y4

y5

u1

u2

u3

u4

u5

0.692
0.962
0.005
0.007
0.011
.
.
.
.

0.275
0.020
0.985
0.021
0.159
.
.
.
.

0.016
0.009
0.005
0.963
0.816
.
.
.
.

0.012
0.006
0.003
0.005
0.009
.
.
.
.

0.006
0.003
0.002
0.003
0.004
.
.
.
.

48.7
67.4
1.3
1.5
1.8
.
.
.
.

17.2
2.2
59.1
2.3
10.4
.
.
.
.

1.9
1.5
1.3
57.8
49.1
.
.
.
.

1.7
1.4
1.2
1.3
1.6
.
.
.
.

1.4
1.2
1.1
1.2
1.3
.
.
.
.

4
5
1
2
3
.
.
.
.

4
1
5
2
3
.
.
.
.

3
2
1
5
4
.
.
.
.

5
3
1
2
4
.
.
.
.

5
4
1
2
3
.
.
.
.

GDP

71.0
73.7
64.07
64.10
64.2
.
.
.
.
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Table 2.3 Equilibrium prices, incomes, and utility rankings, 5 ¥ 5 economy, asymmetrical endowments and unequal substitution
elasticities
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associated with equilibrium 2 is highest, yet a majority (in fact, all but
agent 1) would prefer equilibrium 1 over equilibrium 2. As in the previous cases, some of these equilibria are characterized by a highly
unequal distribution of income; this results when the price of one particular good is considerably higher than the price of the other goods.
(If an individual is endowed with a disproportionately large share of a
high-priced good, that individual’s income will be disproportionately
high in the equilibrium.) The model differs from the other two in that
an agent’s personal income does not give an unambiguous indication
of the individual’s utility ranking of an equilibrium. Agent 5’s income
is higher in equilibrium 5 than in equilibrium 2, yet this agent’s utility
is greater in equilibrium 2.
Different multiple equilibria can arise under other variations in
speciﬁcation of the model. As the parameters and endowments vary,
there can be different numbers of equilibria.33 For some ranges of the
parameters the equilibrium is unique, although a full search of the
parameter space to ﬁnd the region having a unique equilibrium is
impractical even in the case of these very simple 5 ¥ 5 models. The
dimensionality of the problem is just too large. With n commodities,
each agent would require speciﬁcation of n - 1 utility weights aij
(each agent’s utility function can be rescaled to make ai1 = 1), one
substitutability parameter bi, and n endowments wij, or 2n parameters
in all. Thus, with n agents and n goods the full parameter space would
have n ¥ (2n) = 2n2 parameters. Deﬁning the commodity units by setting
the wij for one agent all equal to one would reduce the number of
parameters to 2n2 - n. If the substitution parameters differed across
goods for each consumer (so that there were n of the b’s for each
consumer), the total number of parameters would be 3n2 - 2n. Thus,
the number of parameters increases quadratically with the size of the
economy. The ranges of these parameters are bounded from only one
side – the aij’s can be presumed to be positive, the bi’s less than one, and
the wij’s greater than zero – so there is no way to search the parameter
space over a ﬁnite grid. And this is for only a simple exchange economy;
the number of parameters increases even more if production were to be
introduced.
2.3.2 The unknown dynamics of the general equilibrium system
The equilibrium prices and incomes shown in Tables 2.1–2.3 were
calculated using numerical routines for solving a simultaneous system
of nonlinear equations.34 This does not mean that a real economy would
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be able to ﬁnd or would converge to any of these equilibria; that would
depend on the actual dynamics of the economic system. Economists
have shied away from incorporating dynamic adjustment mechanisms
into their integrated assessment models for good reasons.35 If transactions are allowed to take place “out of equilibrium,” the model would
have to deal with the possibility of shortages and surpluses – and the
plans of consumers and producers would not be fulﬁlled. Nonfulﬁllment of plans means that the maximization that presumably deﬁnes
the behavior of the producers and consumers is incomplete. This would
destroy any favorable welfare interpretation of the prices and transacted
quantities observed in the markets. But the theoretical difﬁculties run
deeper; transactions “out of equilibrium” would also affect the wealth
of the agents, and would therefore change the conditions for their maximization subsequently in unforeseeable ways (Fisher 1983, 1989).36 On
the other hand, if out of equilibrium transactions are to be avoided,
there must be some mechanism for arriving at the equilibrium prices
prior to any transactions taking place. Obviously, no such economywide mechanism exists.
This lack of a well-deﬁned equilibrium-ﬁnding mechanism has been
an embarrassment since the earliest days of mathematical economics
and general equilibrium theory. The most familiar way out is the tâtonnement (“groping”) process of the type originally hypothesized by
Walras. In the tâtonnement, it is imagined that prices adjust according
to excess demands – if there is positive excess demand for a commodity, its price increases, while if excess demand is negative, the price
decreases.37 In elementary treatments, something like the adjustment
process situation depicted in Figure 2.4 is presumed to be taking place.
Figure 2.4 represents a particular market, say for automobiles. The
demand and supply curves are shown as depending on the price of automobiles (although note that in the background, the level of income of
consumers is an important determinant of demand). If for any particular price of automobiles P0, the amount that auto manufacturers would
like to sell (given by the supply curve) is greater than the amount
consumers want to buy (indicated by the demand curve), there will
be excess supply. This could manifest itself as a buildup of inventories,
or a slowdown in the rate of sales from what is “normal.” Faced with
these conditions, suppliers would cut prices with the aim of working
down the inventories and stimulating demand. Similarly, if P0¢ were “too
low” (i.e., below equilibrium) consumers would want to buy more cars
than producers were willing to sell, and the situation would be one of
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Price
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P0

Supply curve

Price falls
Equilibrium price

P*

P0¢

Price rises
Excess demand
Demand curve

Quantity
Figure 2.4 Moving to equilibrium

excess demand. Inventories would be falling, consumers would face a
shortage of new cars, and suppliers would adjust prices upward. In either
case, the price adjustment process would settle down only when the
price reached the level P*, the equilibrium price where supply and
demand are equal (or where excess demand is zero). This, in short, is
the version of the tâtonnement process found in elementary economics textbooks. It underlies popular notions of “the laws of supply and
demand” that presumably regulate the market system.
This story is an oversimpliﬁcation that leaves out essential elements,
however. In a general equilibrium system that represents the activity of
the entire economy, markets are not isolated from each other. They are
interconnected both through the inﬂuence that the price of one good
has on the demand for another (for example, the price of gasoline
inﬂuences the demand for automobiles), and because prices affect the
income and wealth of the consumers (recall that the prices of other
goods and consumers’ incomes were in the background of Figure 2.4,
i.e., they were not treated explicitly). These interdependencies are represented by the fact that the excess demand function of each com-
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modity (commodity j for example) depends on all the prices (as well as
the endowments and other parameters), not just the price of commodity j. Therefore, the appropriate mathematical representation of the
tâtonnement is something like the equations (2.6), a set of time differential equations for each price pj where the excess demands f j are those
of equation (2.5) and the kj are “speed of adjustment” parameters.
dp j
= k jf j ( p1 , . . . , pn ; "aij ,w ij , bi ),
dt

j = 1, 2, . . . , n

(2.6)

The tâtonnement process is less general than the numerical methods
used by Mathematica (and other software) to solve systems of equations,
because in the tâtonnement, the change in a commodity’s price depends
only on its own excess demand function. Economists have not been
successful in telling stories of how market prices might adjust more
generally.38
From the equations in (2.6), it can be seen that the features of the
tâtonnement equations depend entirely on the properties of the excess
demand equations (the f j). But because the excess demand equations
can have virtually any shape, the tâtonnement trajectories can aim
in any direction. Hence there is no guarantee that the tâtonnement
will converge to any particular equilibrium (Mas-Colell et al. 1995,
pp. 621–3).
In the models of Tables 2.1–2.3, the tâtonnement process is not
capable of ﬁnding all the equilibria, no matter what its starting point
(the initial values of p1, p2, p3, p4, and p5) might be. For example, in the
symmetrical model of Table 2.1 the only equilibria that can be found
via tâtonnement are 6–10. An equilibrium can be said to be “stable” if
it will be reached by the tâtonnement process. It is known that an equilibrium is stable if the goods are “gross substitutes” at the point of equilibrium. The property of gross substitutability is that “if one commodity
price goes up while all other prices remain unchanged, there will be an
increase in [market] excess demand for every commodity whose price
has remained constant” (Arrow et al. 1959, p. 86). This condition can
be checked by examining the matrix of partial derivatives of the excess
demand functions with respect to the individual prices, evaluated at
the equilibrium. Computation of the matrix at equilibria 1–5 and 11–31
of Table 2.1 shows that none of them is stable. Interestingly, in the
asymmetrical model of Table 2.3, the three equilibria with highly
unequal income distributions (2, 3, and 4) are stable under the tâtonnement process, while equilibria 1 and 5 are not. In these cases, the
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stable equilibria are those which are best for a single agent, and worst
for everyone else.
Knowledge of the dynamics of the economic system is, nevertheless,
an essential component of understanding how the system would react
to any kind of shock, including a policy change. It was proved by
Debreu (1970) that economies of the type being considered here are
“regular.”39 What happens if a “regular” economy is perturbed from
one of its ﬁnite number of equilibria? The dynamic path followed by
the economy will determine whether it returns to that equilibrium or
to another one. Some kinds of dynamics might not enable the economy
to reach equilibria that might be, on social or political grounds, desirable. The actual outcome of any “comparative statics” exercise involving a policy change or parametric shock will also depend on the real
dynamics of the economy. Given the possibility of multiple equilibria, an
economic model, to be useful for policy analysis purposes, must include
a speciﬁcation of economic dynamics.

2.3.3 Can current models reveal multiple equlibria and
unstable dynamics?
In the empirical implementation of general equilibrium modeling, there
are several ways to arrive at the representation of consumers and
their preferences. The ﬁrst is to specify market demand functions and
estimate them from aggregate data, relying on the interaction of these
demand functions and production-based supply functions (perhaps also
estimated from aggregate data) to determine prices and outputs in the
general equilibrium solution of the model. Often, these market demand
functions are presumed to represent the demand of a “representative
consumer” or consumers who exhibit the same characteristics as real
individuals. A second approach is to start with a speciﬁcation of the
consumers’ utility functions, and to estimate a “demand system” based
on price and expenditure data. The market demand equations would
then be built up by summing the individuals’ demand functions. A third
approach is to specify demand functions a priori, sometimes relying on
studies in the literature to provide values of the relevant parameters.
The functions may be calibrated to aggregate data, or some combination of calibration and econometric estimation may be used. In
practice, each of these methods has drawbacks. None offers a fully
satisfactory answer to the question of whether or not multiple equilibria are possible.
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Consider ﬁrst the speciﬁcation of market demand functions based on
the “representative agent” approach. It has been observed by no less an
authority than James Tobin that an economics paper that does not begin
with rational maximization by representative agents (i.e., that is not
based on “microfoundations”) would be unlikely to see the light of day:
[The microfoundations] counter-revolution has swept the profession
until now it is scarcely an exaggeration to say that no paper that does
not employ the “microfoundations” methodology can get published
in a major professional journal, that no research proposal that is
suspect of violating its precept can survive peer review, that no newly
minted Ph.D. who can’t show that his hypothesized behavioral relations are properly derived can get a good academic job.
(Tobin 1986, quoted in Rizvi 1994, p. 350)
It is hard to understand why this self-imposed methodological constraint is so uniformly upheld. It has been known for some time that
the representative agent approach is fundamentally inconsistent. The
reason is that if a representative agent is constructed on the basis that
this agent reproduces market outcomes, the implied preferences of the
representative agent can be in conﬂict with the actual preferences of the
agents making up the economy (Jerison 1984, cited in Kirman 1992).
The representative agent may prefer commodity bundle A to bundle B
at some set of prices, even though the individual agents in the economy
all prefer B to A. Once again, individual demands do not aggregate to
a market demand of the same form. Kirman’s appraisal is telling:
A tentative conclusion, at this point, would be that the representative
agent approach is fatally ﬂawed because it attempts to impose order
on the economy through the concept of an omniscient individual.
In reality, individuals operate in very small subsets of the economy
and interact with those with whom they have dealings. . . .
(1992, p. 132)
Kirman goes on to describe some promising attempts that have been
made to show how systematic outcomes could result from such localized interactions, but he concludes that
[t]he equilibria of the worlds described by any of these approaches
may be conceptually very different from those implied by the
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artifact of the representative individual. . . . In a world with many
interacting heterogeneous agents, a natural idea of an equilibrium
would be not a particular state, but rather a distribution over states,
reﬂecting the proportion of time the economy spends in each
of the states. This distribution could exhibit very regular characteristics, while remaining far from reﬂecting the behavior of a single
maximizing agent.
(1992, p. 133, footnote and references omitted)
Kirman’s judgment at the beginning of his review is a fair summary:
“[T]he ‘representative’ agent deserves a decent burial, as an approach
to economic analysis that is not only primitive, but fundamentally
erroneous” (1992, p. 119).
Building up aggregate demand functions out of demand systems estimated from individual expenditure data also faces difﬁculties. If important elements of the utility function, such as the environment, are not
priced, then in practice no data on consumer expenditures can reveal
the parameters of the utility function that are associated with that
“commodity.” This is precisely the situation with regard to climate stability and other desirable attributes of the global environment.40 Even
for the commodities that are traded in markets, severe dimensionality
problems prevent the recovery of all of the parameters of the consumers’
utility functions. Flexible functional forms derived as Taylor series
approximations of general utility functions have a number of parameters that increases quadratically with the number of goods. The data
requirements for estimating such a demand system are formidable, and
as a result such systems are typically estimated only after a number of
restrictive assumptions are made that drastically reduce the number of
free parameters. Examples of such restrictions include specifying that
some of the parameters are the same across all consumers, or that certain
elasticities are known a priori. This brings us back to the problems associated with positing a “representative consumer” and with limiting the
potential complementarity of goods.
The third alternative is simply to rely on aggregate statistical information to estimate market demand and supply curves for the various
commodities traded in the economy. Such a rough-and-ready approach
has some appeal, except that the results of the estimation procedure
cannot then be used to make welfare arguments. If the empirical demand and supply curves are robust under alternative policy scenarios
(this is itself a questionable assumption), then the empirically based
estimates might have some predictive value. However, hypothetical
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changes in market aggregates calculated on the basis of such a model
(such as changes in GDP or prices) would have no normative implications, because they could not be mapped to changes in the circumstances or preferences of individuals.
Another very serious problem with atheoretical estimates has to
do with speciﬁcation of their functional forms for estimation. We
know from the Sonnenschein–Mantel–Debreu theorem that the market demand functions can have almost any shape. If so, what functional forms would be appropriate for estimation of those functions
based on market data? It would not be possible to appeal to the theory
of the individual consumer for restrictions; the point of the theoretical
results is that the aggregate demand functions do not necessarily
have the same properties as individual demand functions. Yet some
restrictions are necessary both to identify the functions (Fisher 1966)
and to produce sufﬁcient degrees of freedom for statistical estimation.
It is difﬁcult to imagine a credible procedure for atheoretical estimation
in the face of fundamental indeterminacy of the underlying functional
forms.
Most common in the practice of integrated assessment is to assume
that the utility functions of the consumers take on some highly simpliﬁed form. Usually representative consumers are speciﬁed; the parameters are selected by the analyst (with perhaps some reference to
empirical work). Collapsing preferences into this kind of representation
rules out by assumption the problems of multiple equilibria and instability if the posited utility functions impose a high degree of substitutability on the different goods (or if the differences in goods are simply
assumed away and utility is speciﬁed to depend on aggregate GDP). For
example, the Cobb–Douglas utility function implies that the elasticity
of substitution between all goods is unity. It amounts to imposing gross
substitutability (which, in exchange models, implies uniqueness of
equilibrium and tâtonnement stability) by assumption.
To provide a ﬂavor of the current “state of the art” in integrated assessment modeling, consider the sample of models that participated in the
recent Energy Modeling Forum evaluation of the “costs of Kyoto.” A
special issue of the Energy Journal compiled the results of the runs of 13
models, along with descriptions of the scenarios that were simulated.
The modelers gave summary descriptions of their models and how
they implemented the scenarios. How are consumers’ preferences represented in these models?
Table 2.4 shows how each model does it. Recall that logarithmic utility functions are the same as Cobb–Douglas, because any monotonic
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Table 2.4 Representation of preferences in integrated assessment models
Model

Representative
consumers (for
regions)

Intraperiod
functional form
of utility function

Interperiod
functional form
of utility function

MERGEa
SGMb
EPPAc
RICEd
FUNDe
GRAPEf
WorldScang
AIMh
MS-MRTi
GTEMj
G-Cubedk
Oxfordl
CETA-Mm

yes
yes
yes
yes
yes
yes
yes
yesh
yes
yes
yes
–
yes

logarithmic
demandb
Cobb–Douglas
logarithmic
adjusted log
logarithmicf
Cobb–Douglasg
–h
Cobb–Douglasi
CDEj
Cobb–Douglask
–
logarithmic

discounted sum
demandb
single–period
discounted sum
discounted sum
discounted sum
discounted sumg
–h
discounted sum CESi
single-periodj
discounted sum log
–
discounted sum

Notes: The papers in the special issue of The Energy Journal are Manne and Richels (1999),
MacCracken et al. (1999), Jacoby and Wing (1999), Nordhaus and Boyer (1999), Tol
(1999), Kurosawa et al. (1999), Bollen et al. (1999), Kainuma et al. (1999), Bernstein et al.
(1999b), Tulpulé et al. (1999), McKibbin et al. (1999), Cooper et al. (1999), and Peck and
Teisberg (1999).
a
MERGE: “Global Negishi welfare is a weighted sum of the discounted logarithm of
macroeconomic consumption, adjusted for the economic losses generated by non-market
damages. . . . In the Pareto-optimal case, nonmarket damages enter the Negishi welfare
deﬁnition, and market damages represent one of the competing claims on the allocation
of total production resources. In all other cases, nonmarket and market damages are
excluded from the determination of the equilibrium, but are determined in a postoptimization step. In this way, we allow for the possibility of non-cooperation or of
non-optimal international control agreements.” (For further discussion, see the website
http://www.stanford.edu/group/MERGE/.)
b
SGM: There are four ﬁnal demand sectors (personal consumption, government
consumption, investment, and net exports). Household utility functions are not deﬁned;
instead, household demand for each ﬁnal product is speciﬁed as a normalized demand
function with a price and income elasticity. The household supplies of labor and savings
are also modeled as supply functions and are not derived from underlying utility
functions. Government utility is CES in general government services, national defense,
and education (Sands et al. 1999).
c
EPPA: The representative agent in each region for each period maximizes U = Pc (Yc - qc)mc
for the four consumption goods indexed by c, with Yc equal to consumption and qc a
minimum consumption level (Yang et al. 1996). This modiﬁed Cobb–Douglas utility
function is also referred to as a “linear expenditure system.” Utility is maximized in each
period, and “[f]actor endowments are updated at each step, according to assumed
exogenous trends in rates of population growth, increases in labor productivity,
autonomous energy efﬁciency improvement (AEEI), and availability of natural resources”
(Jacoby and Wing 1999, p. 77, citing Yang et al. 1996).
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Notes to Table 2.4 continued
d
RICE: The RICE model notionally speciﬁes an additively separable (for each time period)
CES utility function with consumption per capita in each period as the arguments, but
when it comes to carrying out the actual runs of the model, the substitution parameter is
chosen so as to make the utility function logarithmic (Nordhaus and Boyer 2000).
e
FUND: Utility is the logarithm of per capita consumption minus investment minus
market damages, plus a second-order Taylor approximation for monetized nonmarket
damages. The Taylor approximation is used because “in some uncertainty analyses so
many people died that the non-market losses exceed income” (Tol, personal
communication, 2001).
f
GRAPE: A single utility function consisting of a weighted (with Negishi weights) sum of
the individual regions’ utilities functions is maximized.
g
WorldScan: Intertemporal optimization by the representative agents maximizes the discounted sum of the logarithm of annual consumption, where the discount rate includes
the probability that the consumer will be alive in the next period. The instantaneous
utility functions are Cobb–Douglas in the seven categories of goods. Demand for a
particular category within a region is a CES composite of all varieties produced in the
different regions (CPB Netherlands Bureau of Economic Policy Analysis 1999).
h
AIM: Model structure not accessible.
i
MS-MRT: The nonenergy goods enter the intraperiod utility function in Cobb–Douglas
form, but end-use energy consumption enters the utility function directly in CES form
with the aggregate of nonenergy goods. The intertemporal sum that is maximized is a
separable utility function with a constant elasticity of intertemporal substitution. Imports
from different regions and domestically produced goods are distinguished (Bernstein et al.
1999b).
j
GTEM: The commodities include coal, oil, and natural gas. Intraperiod utility functions
are of the “constant difference elasticity” (CDE) type (Hanoch 1975). Income in a given
period is divided between savings and consumption in ﬁxes proportions according to a
life-cycle model and demographic representation of the composition of the population.
Additional dynamic equations represent adjustment of stock variables (ABARE 2002).
k
G-Cubed: The intertemporal utility function that is maximized is of the form

Ut =

Ú

•

t

[ln C( s) + ln G( s)]e -q ( s - t ) ds

where C(s) is the household’s aggregate consumption of goods at time s, G(s) is
government consumption, and q is the rate of time preference (set equal to 2.5%). The
ﬁnal consumption function is modiﬁed to account for deviations from the permanent
income hypothesis. Within each period, C(s) is treated as a nested CES function; the top
tier consists of inputs of capital services, labor, energy, and materials; energy and materials
are CES aggregates of inputs of individual goods. “The elasticities of substitution at the
energy and materials tiers were estimated to be 0.8 and 1.0, respectively. In this version
of the model the top tier elasticity has been imposed to be unity” (McKibbin et al. 1999,
pp. 295–6). Thus, at all levels of the utility function except the energy aggregate, the
speciﬁcation is Cobb–Douglas (elasticity of substitution of unity).
l
The Oxford model is not a general equilibrium model and does not contain an explicit
representation of preferences.
m
CETA-M: Market and nonmarket damages monetized. See Peck and Teisberg (1992) for
speciﬁcation of the utility function.
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transformation of a utility function has the same observable implications as the original utility function. Thus, we can see that in all but
one of the models participating in EMF-16, either the intraperiod utility
functions were Cobb–Douglas and did not include environmental goods,
or the value of environmental goods was simply monetized. In the latter
case, of course, the implicit elasticity of substitution between the environmental goods and other goods is inﬁnite – they are perfectly substitutable at the prices chosen for the monetization. For Cobb–Douglas
utility functions deﬁned over ordinary goods, the market demand
functions are linear in normalized (or relative) prices, and hence the
equilibrium necessarily is unique. Speciﬁcation of Cobb–Douglas (or
logarithmic) utility rules out by assumption the possibility of multiple
equilibria originating on the demand side. In all but one of the models,
the intertemporal substitutability of the goods was also high by deﬁnition. The implications of that assumption will be treated in the following chapter.

2.4 Conclusions and implications for policy
What can we conclude from this review of the treatment of preferences
in integrated assessment models? It is clear that the existing models are
set up in such a way as to preclude any of the problems with multiplicity of equilibria or instability of equilibria arising from the demand
side. This is not to say that the real world does in fact exhibit multiplicity of equilibria and instability; that is a question that remains to be
determined. A great deal of empirical work would be required, especially
because the representation of nonmarketed environmental goods in
individual preferences is a subject that is largely unexplored.
The inadequacies of the representation of consumers in standard
economic climate policy models can therefore be summarized as
follows:
• The “outside” critique of preference representation is entirely
ignored;
• For intraperiod utility, the diversity of individual consumers within
each region of analysis (typically a large country such as the US or
China, or a multicountry region such as the EU) is replaced by a
representative agent, even though it is known that the representative agent assumption is not adequate to capture the actual shape of
market demand functions;
• Either environmental goods are left out of the utility function, or
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their contribution to well-being is simply monetized, thereby
precluding investigation of any questions having to do with the
potential complementarity of environmental and nonenvironmental goods. If environmental goods are monetized (as in conventional
CBA), the implicit assumption is that the elasticity of substitution for
nonmarginal changes in the composition of environmental and
nonenvironmental goods in utility is inﬁnite;
• The preferences of the representative agents are typically described
by logarithmic or Cobb–Douglas utility functions, thereby imposing
gross substitutability. Multiple or unstable equilibria arising out of
the properties of consumers’ demand functions are thereby ruled out.
Current specimens of climate/economy applied general equilibrium
models thus are incapable of revealing multiple equilibria, even if the real
economy has them. The project of establishing such models on “microfoundations” is not a movement in the direction of greater rigor;
instead, it creates the erroneous impression that modeling conclusions
have been derived from unassailable scientiﬁc procedures, when in fact
the results are no more than the consequences of the assumptions built
into the models. Very strong (and entirely untested) assumptions are
required to rule out the possibilities of multiple equilibria and dynamic
instability. In reality, the true number of equilibria in the real economy
is not known. Nor is very much known about the actual process
of dynamic adjustment within the economy. What is known is that
even elementary general equilibrium systems can exhibit diverse and
problematic phenomena. The multiple equilibria of the simple exchange models discussed here should give pause to those who would
unquestioningly accept the results of the current generation of more
complicated integrated assessment models.

3
The Treatment of Time

3.1 The problem
Climate change takes place over decades, centuries, and millennia. The
consequences of actions taken now also work themselves out on time
scales covering multiple generations. The persistence of CO2 in the
atmosphere depends on the long-term response of the biosphere to
increased temperatures and concentrations, and the atmospheric lifetimes of many of the non-CO2 greenhouse gases are over 100 years. The
achievement of thermal equilibrium between the surface layers of the
ocean and atmosphere takes decades, and achievement of equilibrium
between the different layers of the ocean requires even more time (IPCC
2001a).1 These physical facts mean that the treatment of events and
policies that unfold over very long stretches of time must be a central
feature of the economic analysis of climate change. Not only do policies have long-lasting consequences, but the basic conceptualization of
the economic system itself has to reﬂect the lengths of time involved.
To do this appropriately is no trivial problem. Standard introductory
textbook treatments of time are inadequate. Nothing illustrates this
better than the “paradox of discounting.” If the future beneﬁts and costs
of a climate management policy are discounted at normal market rates,
say 7 percent per annum, then nothing that happens in the distant
future can matter for the decisions taken today. For example, suppose
that the discount rate is 7 percent and world GDP grows at 2 percent
per annum. Then the present value of the entire world GDP starting at
a point 300 years in the future and going on forever is only about $374
million, or roughly 6¢ per capita.2 Even if only half the people now alive
cared about the fate of civilization 300 years from now, the “cost” of
such an economic apocalypse (assuming the validity of the present
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value calculation) would be only 12¢ per capita to those who care. The
conventional interpretation of this calculation is that it would be worth
very little to people today to avert the loss of all economic output
from 300 years in the future until the end of time. Yet such a loss would
surely mean the permanent end of civilization as we know it (albeit 300
years in the future), and subjectively at least, we know that people today
would be willing to invest substantial resources today to avert such an
outcome.
This is only part of the conundrum, however. From the conventional
point of view, it is equally unappealing to assert that the discount rate
“should” be zero for purposes of assessing the value of costs and beneﬁts accruing far in the future. If the discount rate were zero, then even
the tiniest permanent increase in future consumption would have an
indeﬁnitely large – actually inﬁnite – present value. Thus, any sacriﬁce
of consumption in the present, no matter how large, would be justiﬁed
if it could produce a small permanent increase in future consumption.
As long as investment has a positive payoff in productivity, such a
trade-off (of present consumption for future consumption) is possible.
Subjectively, however, the present generation would no more be willing
to reduce its standard of living to subsistence (or below) in order
to increase future generations’ consumption by a trivial amount than
it would be willing to condemn the future generations to extinction
in return for minor present beneﬁts. Thus, discounting by any positive
factor would seem to lead the present generation to disregard the
fate of the future generations, while zero discounting implies that
the interests of future generations completely outweigh that of the
present. Hence the paradox.3
The problem has to do with how intertemporal comparisons of
costs and beneﬁts are made. While it is easy to construct justiﬁcations
for using a market-based discount rate to compare transfers of consumption between different points in time for an individual, the
balance of empirical research suggests that even for individuals the
simple “discounted utility” model is not consistent with the evidence.4
In the conclusion of their review article on the subject, Frederick
et al. state that
The DU [discounted utility] model, which continues to be widely
used by economists, has little empirical support. Even its developers
– Samuelson, who originally proposed the model, and Koopmans,
who provided the ﬁrst axiomatic derivation – had concerns about
its descriptive realism, and it was never empirically validated as the
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appropriate model for intertemporal choice. Indeed, virtually every
core and ancillary assumption of the DU model has been called
into question by empirical evidence collected in the past two
decades. . . .
While the DU model assumes that intertemporal preferences can
be characterized by a single discount rate, the large empirical literature devoted to measuring discount rates has failed to establish any
stable estimate. There is extraordinary variation across studies, and
sometimes even within studies. . . . [T]he spectacular cross-study differences in discount rates also reﬂect the diversity of considerations
that are relevant in intertemporal choices and that legitimately
affect different types of intertemporal choices differently. Thus,
there is no reason to expect that discount rates should be consistent
across different choices.5
(2002, p. 393, emphasis in the original)
Aside from problems with the discounting model as applied to individuals’ intertemporal choices, the time scales of the climate problem
add additional complications. Climate issues span multiple generations,
not just the lifetimes of people who are alive today, so proper modeling requires a suitable treatment of the fact that the economy lasts
longer than the lifetimes of the individuals who are alive at any
particular moment. In formulating climate policies, the interests and
well-being of people who are not yet alive are at stake. These future individuals do not participate in present-day decision-making, whether
political or economic. These facts underlie why the mechanical application of the discount formula fails as a climate modeling strategy, even
if the DU model could validly be applied to individuals.6 This chapter
will discuss some of the methods economists use to model activity
stretching out over very long time periods. As we shall see, the same
kinds of problems with multiple equilibria, indeterminacy, and instability that plague static general equilibrium models are reproduced, with
even greater severity, in long-period models.
The previous chapter dealt with static general equilibrium models
where consumers are diverse and goods are complementary. Under these
circumstances, wealth effects stemming from different endowments
can be important, leading to the possibility of multiple equilibria and
unstable dynamics. The unsolved problem of “equilibrium choice”
when there is more than one Pareto-optimal competitive outcome
looms large. We also saw that the speciﬁcation of preferences in most
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of the leading integrated assessment models rules out any of these complications by assumption. The result of such a restriction on the way
preferences are represented means that the conclusions of the analysis
are dependent in a crucial but nontransparent way on the premises built
into the models.
The type of model required to address global climate change cannot
be a static one, however. Because of the long time periods involved, economic analyses of climate policy must incorporate the time dimension
in an essential way. We will see that this requirement exacerbates the
kinds of unsolved problems that plague static models, no matter what
approach to the treatment of time is chosen by the modeler. The issues
of multiple equilibria and dubious dynamics are endemic to these
models. While in static models, there are generally a ﬁnite number of
equilibria, in some dynamic models there are an inﬁnite number of possible equilibrium paths. Just as in the static models, the properties of
equilibria depend on the endowments of the various forms of wealth
possessed by the agents, but in intertemporal models the pattern of
those allocations across individuals is even more starkly dependent on
policy choices than in the static case. Finally, in some intertemporal
models, the equilibria depend crucially on expectations about the future,
and these expectations cannot in any reasonable way be determined by
the economic “fundamentals.” The expectations-formation mechanism
therefore provides yet another source of indeterminacy in climate policy
models.
The chapter will proceed as follows. First will come a discussion of
the three main ways intertemporal models can be set up:
1. The “useful ﬁction” that all transactions occur at the beginning of
time;
2. Models in which markets clear in successive time periods, based on
historical experience and expectations about the future;
3. “Social planner” models in which an imaginary collective decisionmaker maximizes the utility of society’s members over an inﬁnite
horizon.
The plan will be to introduce the sparsest models ﬁrst, adding features
that allow additional phenomena to emerge. As throughout this book,
the modeling approach will emphasize simplicity and transparency. The
models introduced will show some of the things that can happen in
intertemporal models, and why climate/economy models would have
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to address a much broader range of issues than they now do if they were
to provide useful guidance for policy.

3.2 Three ways to represent time
There are basically three ways in which intertemporal general equilibrium models can be speciﬁed. The ﬁrst is grounded in the Arrow–Debreu
tradition, and imagines that all transactions take place at a single
(initial) moment in time, for goods that “occur” at various (present and
future) points in time. The intertemporal nature of the model is
achieved by dating the goods, so that the same physical commodity
transacted today and tomorrow becomes two different commodities
distinguished by their dates.7 Conceptually, this “useful ﬁction” (of all
transactions being settled once and for all at the outset) collapses the
model to the same mathematical structure as the static models examined in the previous chapter, with the possible exception that there will
be an inﬁnite number of goods if the economy is assumed to extend
indeﬁnitely into the future. Such models have been developed, and they
exhibit the same features as ﬁnite-dimensional models (see section 3.5).
In fact, the essential characteristics for our purposes can be described by
a two-period model. The reason is that the agents in the two-period
model can be interpreted as corresponding to people who would be alive
at different times, so that their preferences reﬂect their actual circumstances. We will see that any intertemporal model that takes the “useful
ﬁction” of one-time transacting seriously has to specify agents who
are diverse in precisely the ways that lead to multiple equilibria and
unstable dynamics.
The second way time can be represented in integrated assessment
models portrays a sequence of market-clearing equilibria occurring in
successive time periods. This class of models is best represented by the
“overlapping generations” (OLG) framework, in which people who are
born at different times transact with each other because their lifetimes
overlap. Each period’s equilibrium is determined by the “fundamentals”
(the preferences and endowments of the individuals alive in that period),
but depends as well on past history (because past equilibrium prices
can affect the wealth of people alive today who also transacted in the
previous period) and on expectations about the future (because the
allocations that satisfy individuals’ maximization conditions will reﬂect
expected values of future prices). These OLG models will result in
equilibria that depend on the endowments possessed by individuals, but
will have to include as well some kind of mechanism for expectations
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formation. We will see that this feature gives rise to additional sources of
multiplicity.
The third approach involves an imaginary “social planner” maximizing the utilities of society’s members over an inﬁnite horizon. Alternatively, the different agents can be thought of as “dynasties” that develop
rules for consumption based on maximization of a utility function
that spans inﬁnite time. Such models are much less satisfactory
than either the Arrow–Debreu simultaneous transactions models or
the OLG models, because in addition to all the other abstractions
inherent in the modeling exercise, social planner models are based
on the action of a ﬁctitious benevolent despot who does not and
cannot exist. Even if some rule of behavior could be derived that
would solve the maximization problem, it might be in the interest of
subsequent members of society to change it, so there is no way to guarantee that it would be adhered to over time. In addition, by vesting all
power in the hands of a social planning agency, this type of modeling
fosters the political attitudes that lead to a “dictatorship of the present.”8
We shall see that this point of view is at the heart of the biases inherent in current integrated assessment modeling practice. In addition,
there are technical economic and mathematical reasons why this kind
of treatment of time is less satisfactory than either of the other two
approaches.

3.3 The Arrow–Debreu approach: all transactions occur
at the “beginning”
3.3.1 One agent, one good, two time periods: the simplest case
First consider the most basic kind of “one-time” transactions intertemporal model, with a single agent, one good, and two time periods. The
preferences of this agent are represented by a stripped-down CES utility
function,
u = a1

xtb
xtb+1
+ a2
b
b

(3.1)

where xt and xt+1 are the amounts of the good consumed in the two
periods, b is the substitutability parameter, and a1 and a2 are utility
weights. The agent’s endowments of the good in the two periods are wt
and wt+1. The agent maximizes utility subject to the full-duration budget
constraint
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W = ptw t + pt +1w t +1 - pt xt - pt +1xt +1

(3.2)

where pt and pt+1 are the prices of the good in each of the two periods,
respectively. This maximization gives rise to a demand function in each
period, namely
1

xt* =

Ê a2 pt ˆ b -1 (
ptw t + pt +1w t +1 )
Ë a1 pt +1 ¯
1

(3.3)

Ê a2 pt ˆ b -1
pt
+ pt +1
Ë a1 pt +1 ¯
and
xt*+1 =

( ptw t + pt +1w t +1 )
1

(3.4)

Ê a2 pt ˆ b -1
pt
+ pt +1
Ë a1 pt +1 ¯
As in all such general equilibrium models, a price normalization is
required. For reasons that will become apparent momentarily, the normalization b = pt+1/pt will be used. The ratio b will be referred to as the
“inﬂation ratio.” (The ordinary “rate of inﬂation” is 1 - b.) If the good
cannot be stored so that excess demand (deﬁned as the difference
between the utility-maximizing quantity demanded and the endowment) must be zero in each period, the equilibrium solution is
wt ˆ
a2
b* = Ê ˆÊ
Ë a1 ¯ Ë w t +1 ¯

1-b

(3.5)

Because the commodity cannot be stored, consumption in each
period is just equal to the endowment and in some sense this “equilibrium” is trivial – no alternative allocations of consumption across
periods are possible. Nevertheless, the equilibrium concept is useful
because it shows what prices (or price ratio b*) is consistent with maximization of the agent’s preferences given his utility function and the
values of the endowments. As is apparent from equation (3.5), the
equilibrium b* is a function of the ratio of the endowments (wt/wt+1)
and the utility weights (a2/a1), and also depends on the substitutability
parameter b.
As simple and seemingly trivial as it is, this model embodies the
essence of the treatment of time and preferences common to the current
generation of integrated assessment models! To see why this is true, we
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need to translate the notation of equation (3.5) into a more familiar
form. The endowment ratio (wt/wt+1) corresponds to the growth of
the economy, the utility weight ratio embodies the subjective rate of
time preference, and the equilibrium intertemporal price ratio can
be straightforwardly transformed into the (endogenous) market rate of
interest. The substitutability parameter b determines both the intertemporal elasticity of substitution and the “elasticity of the marginal utility
of consumption.” Once these translations are made, it will be seen that
equation (3.5) is nothing but the formula for the “descriptive” value of
the discount rate that is typically used in standard integrated assessment
models (Cline 1992, Nordhaus 1994, IPCC 1996).
First, in what sense is b just another way of expressing the market rate
of interest? Let r be the interest rate as conventionally deﬁned. Then
one unit of the good in the future period is worth 1/(1 + r) units of the
good today. But a unit of the good in the future period is worth pt+1,
and a unit of the good today is worth pt. Hence pt+1 = [1/(1 + r)]pt, which
is the same thing as
b=

pt +1
1
=
pt
1+ r

(3.6)

The change in the endowment from period t to period t + 1 obviously
corresponds to any economic growth (or decline) occurring over that
interval, so that
w t +1
= 1+ g
wt

(3.7)

where g is the rate of growth of the economy. Given that the utility
function (3.1) is of such a simple time-additive functional form, it is
natural to interpret the utility weight a2 simply as the weight a1 reduced
by a factor based on the subjective rate of time preference of the agent.
This is consistent with Samuelson’s original (1937) formulation of
the DU model (Frederick et al. 2002). If this subjective rate of time
preference is given by d, then the relationship is
a2
1
=
a1 1 + d

(3.8)

Returning to equation (3.5) and also using the approximation that
(1 + z)g 艐 1 + gz for small z, we have
r = d + (1 - b ) g

(3.9)
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Finally, for utility function (3.1), easy algebra shows that the intertemporal elasticity of substitution s is given by 1/(1 - b), and a, the
elasticity of the marginal utility of consumption,9 is given by (1 - b).
This yields the familiar “descriptive” relationship for the market rate of
interest
r = d + ag

(3.10)
10

provided the requisite approximations hold.
Equation (3.10) (or 3.9) already carries within itself the seeds of a critique of current integrated assessment practice. Suppose that the b parameter lies somewhere between zero (corresponding to a Cobb–Douglas
utility function) and -• (corresponding to a Leontief utility function).
Then (1 - b) is positive, and the market rate of interest will be greater or
less than the rate of subjective time preference, depending on whether
the economy is showing positive or negative growth. The ordinary practice in integrated assessment is to assume that the economy’s growth
will be positive due to technological progress and capital accumulation.
However, it is possible under catastrophic climate scenarios that the
amount of the “good” available for consumption could fall. A slowdown
in the rate of growth of output brought about by environmental decline
would lead to a lower interest rate than would prevail absent the environmental damage, and this possibility has been noted by Tol (1994)
and Amano (1997). There is no basis for treating current market
interest rates as being “descriptive” of future interest rates if the rate of
growth of the economy, measured properly to include environment as
part of the material standard of living, is subject to change over time.
In what follows, this theme will be explored in greater depth by specifying a second good, “environment,” with a time path of its own that
may be distinct from the time path of the endowment of the “ordinary”
economic good. The next step, however, is to examine the case of more
than one type of consumer. We shall see that this most basic generalization of the conventional framework explodes the prescriptions of
existing climate policy models.
3.3.2 Two agents, one good, two time periods:
allowing for intergenerational differences in perspective
To move beyond the “representative agent” in an intertemporal setting,
we specify preferences for two distinct agents:
u1 = a11

x1b,t
x1b,t +1
+ a12
b
b

(3.11)
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and
u2 = a21

x2b,t
x2b,t +1
+ a22
b
b

(3.12)

The notation here is entirely analogous to that of the single-agent utility
function (3.1); the initial subscript on the x variables indicates which
of the two agents’ consumption is being denoted. Both agents have the
same substitutability parameter; this assumption is made purely for
mathematical convenience. For our purpose here, it is sufﬁcient to distinguish the agents by their utility weights aij and by their endowments
of the good in the two periods.
Each agent’s maximization of utility subject to the two-period budget
constraint leads to four individual demand functions, one for each
agent and each dated good. For example, the demand function for agent
1 for the good in period t is given by
1

x1*,t =

Ê a12 pt ˆ b -1 (
ptw 1,t + pt +1w 1,t +1 )
Ë a11 pt +1 ¯
1

(3.13)

Ê a12 pt ˆ b -1
pt
+ pt +1
Ë a11 pt +1 ¯
The endowments are indexed such that wi,j = the ith individual’s endowment of the good in period j. The market-clearing equations take
account of the fact that there are two agents demanding the good in
each period. Thus, for example, the market-clearing requirement for
period t is that
x1*,t + x2*,t - w 1,t - w 2,t = 0

(3.14)

The same price normalization, b = pt+1/pt, will be used to ﬁnd the
equilibrium inﬂation ratio and market rate of interest.
The two-agent model differs signiﬁcantly from the single-agent model
in two respects. First, the equilibrium interest rate depends on both the
characteristics of the individual agents’ preferences and on the distribution of the good between agents, as well as on the intertemporal
distribution of the good. Second, more than one equilibrium is not
only possible, but is quite likely given a realistic interpretation of the nature
of the differences between the two agents’ preferences.
To demonstrate the ﬁrst point as simply as possible, consider the
case in which the agents’ preferences are Cobb–Douglas, that is, where
b = 0. In that case, the equilibrium inﬂation ratio b is given by
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b* =

a12 (a21 + a22 )w 1,t + a22 (a11 + a12 )w 2,t
a11 (a21 + a22 )w 1,t +1 + a21 (a11 + a12 )w 2,t +1

(3.15)

The endowments in period t appear in the numerator of (3.15), while
those of period t + 1 appear in the denominator. However, unless the
utility weights are strictly proportional across agents (so that the utility
functions are in effect identical), the inﬂation ratio (and hence the interest rate) will depend on the distribution of the endowments between the two
agents in each period.
This characteristic of the equilibrium, which quite obviously carries
over in the case of the more general CES (and other) utility functions,
is highly signiﬁcant for climate policy. The crucial endogenously determined interest rate cannot be known without knowing something
about both the preferences of the agents and also the distribution of
wealth between them in every period. Considerations of “efﬁciency”
cannot be separated from question of “equity.” Because the distribution
of the endowment in each period is quite obviously policy-dependent,
comparative static assessments of the alternative policies (such as a
carbon tax, a permit auction system, or efﬁciency standards) cannot
validly be undertaken without speciﬁcation of the distributional consequences of the policies. For, as we have seen in Chapters 1 and 2,
the distribution of endowments is quintessentially a policy question,
involving as it does the assignment of “rights” of various kinds to
members of the polity.
Now consider how this two-agent model might be utilized to represent a climate policy simulation in which long periods of time (in
particular, periods spanning more than a single generation) might
be interpreted. The key question here is whether the extended time
period imposes any restrictions on the parameters of the preference
functions and the endowments. Suppose we consider time periods long
enough to separate the agents into two distinct groups, the “present”
and the “future.” The durations of these periods are sufﬁciently long
that they encompass different generations. In this case, it makes sense
to imagine that both the parameters and endowments are “mirror
images” of each other: The “present” population cares mainly about
itself, and is endowed mainly with “present” (time t) goods, so that
a11 >> a12 and w1,t >> w1,t+1. The opposite holds for the “future” population; a21 << a22 and w2,t << w2,t+1. As a further simpliﬁcation, suppose
the preferences and endowments are completely symmetrical, so that
a11 = a22, a12 = a21, w1,t = w2,t+1, and w1,t+1 = w2,t. With these values, the
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equilibrium inﬂation ratio in the Cobb–Douglas case is 1 and the market
rate of interest is 0.
Preferences and endowments of this type are precisely what one
might expect under the useful ﬁction of “all transactions taking place
at the initial moment of time.” If we were to imagine all the people
who will ever live gathering together in the imaginary marketplace to
conduct their transactions at the beginning of time, the preferences and
endowments of people who will be alive at different points in time have
to be of this pattern – greater weight placed on consumption occurring when they are alive, and most of their “endowment” occurring
during their own lifetimes. If the pattern is entirely symmetrical with
Cobb–Douglas utilities, the interest rate is zero, reﬂecting the equal
bargaining power (and similar “fundamental” situation) of the people
living at different times.
Why do conventional integrated assessment models fail to reﬂect
this? It is because all the agents in those models manifest a common
“subjective rate of time preference.” Such an assumption may be suitable for examining the interactions of people who are all alive today,
but it is not suitable if we are to imagine people alive at very different
times. To see how the conventional models can be misleading, consider
what happens if both agents exhibit “conventional” preferences, with
the utility weight on period t + 1 consumption equal to a discount factor
times the weight on current consumption. That is, assume in this
“present-oriented” case that
a12 = ra11

a22 = ra21

(3.16)

with r < 1. In this case, the structure of the two consumers’ utility functions is identical. Both have the same subjective rate of time preference.
The utility functions differ only by a multiplicative constant (a11/a21)
and the agents are identical. This case collapses to that of a single agent,
and the inﬂation ratio is given by (3.5). The conventional “Ramsey rule”
holds and the interest rate depends only on the subjective rate of time
preference, the growth rate of the economy, and the substitution
parameter.
However, if the agents have different rates of time preference, say r1
and r2, in the Cobb–Douglas case (b = 0) the equilibrium inﬂation ratio
is given by
b=

r1 (1 + r2 )w 1,t + r2 (1 + r1 )w 2,t
(1 + r2 )w 1,t +1 + (1 + r1 )w 2,t +1

(3.17)
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and once again the interest rate will depend on how the endowments
are distributed across agents. Suppose agent 2 has a higher rate of time
preference than agent 1 (so that r1 > r2). Then it can be seen from (3.17)
that a redistribution from agent 1 to agent 2 in either period will
increase the market rate of interest, and conversely in the case of a redistribution in favor of agent 1 in either period.
Now, consider more general CES utility functions. Let us focus on the
case in which the utility functions and endowments are symmetrical.
The (perhaps) surprising result here is that there will in general be
multiple equilibria in this simple model economy. The reason is that
the mathematical structure of the model is identical to that of the twoconsumer, two-good model of Kehoe (1998) that was discussed in
Chapter 2. The economy can exhibit a positive, negative, or zero market
rate of interest if the intertemporal elasticity of substitution is sufﬁciently low. This makes perfect sense, given the ﬁction of all agents
transacting at the beginning of time; the equilibrium can favor the
“present” individuals with a positive market rate of interest, the “future”
individuals with a negative market rate of interest, or be neutral between
them (zero rate of interest). Prices and utilities will differ for the individuals in the different equilibria. Yet all three equilibria are Paretooptimal perfectly competitive equilibria. The multiplicity is a consequence of the fact that there is no preferred vantage point in time if
all the agents are imagined to transact simultaneously.
Conventional climate/economy models assume away this possibility
of multiple equilibria by (1) specifying a “representative agent” (or
agents with similar time vantage points) and (2) assuming that the
intertemporal elasticity of substitution in consumption is relatively high
(typically that the utility functions are Cobb–Douglas or logarithmic –
see Table 2.4). However, nothing in the logic of general equilibrium
requires these restrictions. Indeed, the more plausible interpretation
of the meaning of the utility functions of the individuals who exist at
different times is that these utility functions are “symmetric” (or, more
exactly, that each agent’s utility function is “centric” to that agent’s time
period) in both utility weights and endowments. This diversity of the
utility functions and the time patterns of the endowments, combined
with a lower degree of intertemporal substitutability than is typically
assumed, is sufﬁcient to produce multiple equilibria. The properties of
these equilibria are, as Chapter 2 demonstrated, relatively unexplored
in empirical work (because current empirical practice rules them out by
assumption). Furthermore, economics offers little or no guidance as
to which equilibrium or equilibria the social system will select. As
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Mas-Colell et al. put it, this “is a manifestation of a serious shortcoming [in economic analysis] – the lack of a theory of equilibrium selection” (1995, p. 620).11 It may be that current political institutions lead
to a “present-centric” equilibrium, but that is not to say that such an
equilibrium is an economic choice. Instead, it is a reﬂection of the way
present-day political processes are structured to favor one group (those
alive now) over all others (the future generations).
3.3.3 Two agents, two goods, two time periods
Needless to say, all of these results carry over to a situation in which
there is more than one good as well as more than one type of
agent. There are even more permutations of possible outcomes in this
case. In addition to all the factors discussed in the previous section, the
market rate of interest can depend also on the distribution of endowments in the environmental good across the agents, in either period.
That is, policies that create or destroy rights to environmental services
in the future can affect current relative prices of environmental and
ordinary goods, the market rate of interest, and the current income
distribution.
Consider again the minimal case of two agents, two time periods, and
now two goods rather than one. The utility functions of agents 1 and
2 will be given by
u1 = a11

x1b,t
x1b,t +1
y1b,t
y1b,t +1
+ a12
+ c11
+ c12
b
b
b
b

(3.18)

x2b,t
x2b,t +1
y2b,t
y2b,t +1
+ a22
+ c21
+ c22
b
b
b
b

(3.19)

and
u2 = a21

where here xij represents the consumption of the ﬁrst good (“ordinary
economic goods and services”) by agent i in period j, and yij represents
the consumption of the second good “environmental goods and services” by agent i in period j. Again for simplicity, all of the substitution
parameters are assumed to be equal.12 The endowments of the ﬁrst good
are denoted by wij, and of the second good by eij.
In this setup, there will be four market-clearing equations (one for the
excess demand for each good in each period) and four prices (one for
each good in each period). Once again, a price normalization is required,
so in addition to the familiar inﬂation ratio there will be two relative
prices,
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b=

pt +1
pt

f=

qt
pt

y =

qt +1
pt +1

(3.20)

where pj is the price of the ﬁrst good in period j and qj is the price of
the second good in period j.
The CES utility versions of this model begin to exceed the capacity of
symbolic equation solvers such as Mathematica, but the main features
of the equilibria can be discerned from special cases and numerical
examples. Thus, with Cobb–Douglas utility functions, the (unique)
equilibrium for {b, f, y} is given by

y = (w 1,1+t ((c12 (a21 + a22 + c21 + c22 )e1,t
+ (c11c22 + c12 (a21 + a22 + c22 ))e 2,t )w 1,t
+ ((a11c22 + c12 (a22 + c21 + c22 ))e1,t
+ (a22c12 + (a11 + c11 + c12 )c22 )e 2,t )w 2,t ) + (a21c12 (e1,t + e 2,t )w 1,t
+ c12 (c21e1,t + c22 (e1,t + e 2,t ))(w 1,t + w 2,t ) + c22 (a11 (e1,t + e 2,t )w 2,t
+ c11e 2,t (w 1,t + w 2,t ) + a12 (e1,t + e 2,t )(w 1,t + w 2,t )))w 2,1+t )
(a12 (a21 (e1,t + e 2,t )(e1,1+t + e 2,1+t )w 1,t
+ (c22e1,1+t (e1,t + e 2,t ) + c21e1,t (e1,1+t + e 2,1+t )
+ a22 (e1,t + e 2,t )(e1,1+t + e 2,1+t ))(w 1,t + w 2,t ))
+ a22 (c11e 2,t (e1,1+t + e 2,1+t )(w 1,t + w 2,t )
+ (e1,t + e 2,t )(a11 (e1,1+t + e 2,1+t )w 2,t + c12e 2,1+t (w 1,t + w 2,t ))))

(3.21)

f = (w 1,1+t ((c11 (a21 + a22 + c21 + c22 )e1,1+t + ((a21 + a22 )c11
+ (c11 + c12 )c21 )e 2,1+t )w 1,t + ((a11c21 + c11 (a22 + c21 + c22 ))e1,1+t
+ (a22c11 + (a11 + c11 + c12 )c21 e 2,1+t )w 2,t )
+ (((a12c21 + c11 (a21 + c21 + c22 ))e1,1+t
+ (a21c11 + (a12 + c11 + c12 )c21 )e 2,1+t )w 1,t
+ (((a11 + a12 + c11 )c21 + c11c22 )e1,1+t
+ (a11 + a12 + c11 + c12 )c21e 2,1+t )w 2,t )w 2,1+t )
(a11 (a22 (e1,t + e 2,t )(e1,1+t + e 2,1+t )w 1,1+t
+ a21 (e1,t + e 2,t )(e1,1+t + e 2,1+t )(w 1,1+t + w 2,1+t )
+ (c22e1,1+t (e1,t + e 2,t ) + c21e1,t (e1,1+t + e 2,1+t ))(w 1,1+t + w 2,1+t ))
+ a21 (c11e 2,t (e1,1+t + e 2,1+t )(w 1,1+t + w 2,1+t )
+ (e1,t + e 2,t )(a12 (e1,1+t + e 2,1+t )w 2,1+t + c12e 2,1+t (w 1,1+t + w 2,1+t ))))

(3.22)
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b = (a12 (a21 (e1,t + e 2,t )(e1,1+t + e 2,1+t )w 1,t + (c22e1,1+t (e1,t + e 2,t )
+ c21e1,t (e1,1+t + e 2,1+t ) + a22 (e1,t + e 2,t )(e1,1+t + e 2,1+t ))(w 1,t + w 2,t ))
+ a22 (c11e 2,t (e1,1+t + e 2,1+t )(w 1,t + w 2,t )
+ (e1,t + e 2,t )(a11 (e1,1+t + e 2,1+t )w 2,t + c12e 2,1+t (w 1,t + w 2,t ))))
(a11 (a22 (e1,t + e 2,t )(e1,1+t + e 2,1+t )w 1,1+t
+ a21 (e1,t + e 2,t )(e1,1+t + e 2,1+t )(w 1,1+t + w 2,1+t )
+ (c22e1,1+t (e1,t + e 2,t ) + c21e1,t (e1,1+t + e 2,1+t ))(w 1,1+t + w 2,1+t ))
+ a21 (c11e 2,t (e1,1+t + e 2,1+t )(w 1,1+t + w 2,1+t )
+ (e1,t + e 2,t )(a12 (e1,1+t + e 2,1+t )w 2,1+t + c12e 2,1+t (w 1,1+t + w 2,1+t ))))

(3.23)

It is clear that the equilibrium depends on all the parameters – the utility
weights of each agent and the endowments of each good to each agent
in each period.
Various other specialized cases (symmetrical utility, conventional
utility weights with “forward-looking” time preferences, etc.) yield
results similar to what was obtained in section 3.3.2 – period-centric
utility functions and endowments plus low intertemporal substitutability can produce multiple equilibria, for example. There are now many
more parameters that can be varied independently, however, and the
curse of dimensionality rears its head so that a comprehensive numerical exploration of the possibilities is not feasible. (In the 2-agent,
1-good case there were four utility weights, four endowments, and one
substitution parameter or nine in all; in the 2-agent, 2-good, 2-period
case there are eight utility weights, eight endowments, and one substitutability parameter or 17 parameters.13)
Several key points emerge from the discussion so far:
• The prices (including the market rate of interest) and corresponding
utilities (welfare measure) and incomes depend intrinsically on the
endowments. These endowments, in turn, are policy-determined.
The State assigns and enforces a particular set of property rights.
In circumstances in which hitherto undeﬁned property rights are
increasing in importance, it is analytically incorrect and politically
misleading simply to treat the property rights that have been historically deﬁned as the only ones that matter; the “new” property
rights (including assignment of climate rights) should be an intrinsic component of the analysis.
• Multiple equilibria are possible, when models of intertemporal
general equilibrium are interpreted properly as embodying the
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preferences of individuals who exist at different points in time. In
particular, there is no single preferred time vantage point, such as the
present. Current integrated assessment practice rules out the possibility of different intertemporal vantage points by assumption, and
thereby produces analytical results that are biased in favor of the
present population.
• The so-called “descriptive” characterization of the market rate of
interest is in reality a highly restrictive special case. In particular, it
is inconsistent with people living at different times having different
utility functions, and it fails to reveal how the market rate of interest depends on distributions of endowments of the various kinds of
goods in every period.

3.4 Overlapping generations: transactions occur in the
present, accounting for past history and expectations
3.4.1 A two-period OLG model with one agent in each generation
In keeping with the approach taken in the previous sections, our discussion of OLG models will begin with an examination of the simplest
case. In this model, there is one agent in each generation. The agents
live for two time periods. There is a single good, and each agent is
endowed with w0 of the good during the ﬁrst period of his life and w1
of the good during the second period of his life. The agent born in
period t consumes xt,t in period t, and xt,t+1 in period t + 1. In this notation, the ﬁrst subscript denotes the period in which the agent is born,
while the second subscript denotes the period in which the consumption takes place. The economy can thus be described by Table 3.1,
showing the consumption of the good by different agents at different
points in time. In this table, total consumption of the good in each time
period is given by column sums; thus, consumption in period t is the
sum of the consumption by the “young” (those born in t) in period t,
which is xt,t, and the consumption of the “old” (those born in t - 1) in
period t, which is xt-1,t. The boldface entries within Table 3.1 show a
complete account of the consumption values for time periods t - 1
through t + 2; the ellipses outside indicate that the table could be
extended backward or forward in time by ﬁlling in the appropriate
spaces.
The utility of an agent is given by a constant elasticity of substitution
utility function depending on the agent’s consumption in each time
period, e.g.,
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Table 3.1 Time structure of consumption in OLG model
Period born

Time period
t-2

t
t
t
t
t
t
t

-3
-2
-1

...
xt-2,t-2

t-1

xt-2,t-1
xt-1,t-1

+1
+2
+3

u( xt ,t , xt ,t +1 ) =

a1xtb,t a2 xtb,t +1
+
b
b

t

xt-1,t
xt,t

t+1

xt,t+1
xt+1,t+1

t+2

xt+1,t+2
xt+2,t+2

...

xt+2,t+3
...

(3.24)

Utility depends on consumption in the two periods during which the
agent is alive, and a1, a2, and b are the parameters of the utility function. For the agent born in t, the price of the good in period t is given
e
by pt, and the price expected in the next period is pt+1
. For the agent born
in t - 1, the market price that prevailed in t - 1 is known and the periodt maximization problem of this agent does not depend on expectations.
This is the ﬁrst essential difference between the OLG model and the
“simultaneous transactions” model of the previous section. In the OLG
framework, the market clears in each period, given past history (that is,
the history of past prices pt-1, pt-2, . . .) and the agents’ expectations of
what the future periods’ market-clearing prices will be (for those agents
who will be alive in the future period or periods). This modeling twist
involves a gain and a loss. The gain is that the model is more realistic
than the simultaneous transactions model, because it conﬁnes the equilibration to each successive period and does not require that all periods’
markets clear at the beginning of time. The loss is that the equilibrium
now must depend on expected future prices, because the ﬁnal equilibrium conditions in the future periods cannot be known in advance
by the agents. We shall see that this crucial difference leads to an
additional (and irreducible) source of multiplicity in OLG models.
Each agent must make plans based on his lifetime endowment. Thus,
the budget constraint for the agent born in t is given by
pt xt ,t + pte+1xt +1 £ ptw 0 + pte+1w 1

(3.25)
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where w0 is the endowment of the agent in period t (when he is
“young”), and w1 is the endowment of the agent in period t + 1 (when
he is “old”). For the agent born in t - 1, the budget constraint is
pt -1xt -1,t -1 + pt xt -1,t £ pt -1w 0 + ptw 1

(3.26)

because we are considering the simple case in which the endowments
when “young” and “old” are unchanged for each generation.14
Maximization of the utility function (3.24) subject to their budget
constraints by the two agents who are alive during period t yields their
respective demands for the good in period t. Finally, we specify that the
good is perishable, so that it cannot be carried over from one period to
the next. Under these circumstances, the market equilibrium in each
period is determined by the condition that the sum of agents’ demands
must equal the total amount of the good available. Thus, market equilibrium in period t requires that
xt*,t + xt*-1,t = w 0 + w 1

(3.27)

where the starred values are the agents’ demand functions obtained
from their budget-constrained utility maximization. Note here that the
amount of the good available in period t is the sum of the endowments
of the good possessed by the “young” agent born in t and the “old”
agent born in t - 1.
As usual, a price normalization rule must be chosen, and the natural
one is to normalize in terms of the inﬂation ratios, b et+1 = pet+1/pt and
bt = pt/pt-1. The equilibrium in period t is then deﬁned as the value of
bt that solves the market-clearing equation
1

w 0 + w 1bt
1

Ê a2 ˆ b -1
+ bt
Ë a1bt ¯

+

Ê a2 ˆ b -1
(w 0 + w 1bte+1 )
Ë a1bte+1 ¯
1

- w 0 - w1 = 0

(3.28)

Ê a2 ˆ b -1
+ bte+1
Ë a1bte+1 ¯

for some particular expectation-formation mechanism. Before considering the effect of different expectations mechanisms, consider ﬁrst the
case of the rational expectations steady state. A steady-state equilibrium
is one in which the inﬂation ratio remains constant, and is perfectly
anticipated by the agents. Thus, the steady state embodies a form of
“rational expectations,” because the expected values of b coincide
in every period with the realized values. Equation (3.28) has two
steady-state solutions, given by
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b1* = 1

(3.29)

and
a2 w 0
b2* = Ê ˆ Ê ˆ
Ë a1 ¯ Ë w 1 ¯

1-b

(3.30)

The ﬁrst point to be noted is that the steady-state equilibrium of
this economy is not unique. Unlike in the static case of Chapter 2,
this nonuniqueness is not a function of the particular values of the
parameters; there are two steady states for any valid parameter set. The
second observation is that the steady states have different utility values.
In particular, the steady state b*,
1 usually referred to as the “Golden Rule”
steady state, has the higher utility value. It is also clear that the interest rate in the b*2 steady state depends on the pattern of the endowments
over time. This feature of OLG models has been noted before (Howarth
and Norgaard 1992, Gerlagh and van der Zwaan 2001a, b). This dependence of the market rate of interest on the pattern of endowments (or
production) is intrinsic to intertemporal general equilibrium analysis.
The steady state b*2 is referred to as the “autarkic” steady state because
it has the property that each agent consumes exactly his own endowment in each period. Why does the “Golden Rule” steady state have
higher utility? In it, the agents exchange some of their endowments
in t so that each can have a higher utility value. This obviously can be
beneﬁcial for the “old” agent (assuming that the endowment is larger
during the “young” segment of life), but what about the “young” agent?
If the young agent exchanges some of his endowment with the old
agent, the young agent’s consumption in t is obviously less than it
would have been had he chosen to consume his entire endowment. He
achieves a higher level of utility because in the next period, he will be
old and will beneﬁt from the same kind of exchange, consuming more
than his endowment when old. But what guarantee is there that in
t + 1 the young agent born in t + 1 will agree to this deal? The young
agent in t can only hope that the same kind of exchange can be arranged
by the agents born in t + 1, t + 2, etc. One kind of institution that might
enable this to occur is some form of Social Security, in which each agent
can treat the utility-increasing exchange as an entitlement. Another
way to accomplish the ongoing social contract is through the existence
of ﬁat money, whose value is “guaranteed” by continuing agreement
across the generations. Both of these mechanisms were discussed in
Samuelson’s original (1958) model laying out the OLG framework.
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Before going on to treat the important question of expectations
formation and the path dependence of equilibria in OLG models, let
us ﬁrst examine generalizations of the model to include more than one
type of agent per generation.
3.4.2 Generalizations: OLG models with more than one type of
agent and more than two periods
How do these results change if each generation contains more than
one kind of agent? We shall see momentarily that, just as in the
Arrow–Debreu models, the equilibria will depend on the distribution of
endowments across the different agents. Also, multiple equilibria can
arise, depending on whether these agents are both “present-oriented”
or not. This distinction will be seen to lead naturally to models in which
there are more than two periods.
First consider a two-period OLG model with two different agents in
each generation. By now, the utility functions, budget constraints, price
normalizations, and market-clearing conditions will be familiar. The
utility functions are
u1,t = a11

x1b,t
x1b,t +1
+ a12
b
b

(3.31)

u2,t = a21

x2b,t
x2b,t +1
+ a22
b
b

(3.32)

These utility functions pertain to the individuals born in t; their utility
depends on their consumption in the two periods of their lives. Similar
utility functions can be written for individuals born in any other period.
The equilibrium in period t is again determined by the market-clearing
equation specifying that the sum of the demands of all the agents alive
in t equals the total amount of the good available. The equilibrium
price ratio bt will again depend on the “fundamentals” (preferences and
endowments) and on the mechanism by which the agents form expectations about the future. The steady-state rational expectations equilibrium is given by the value or values of b that remain constant over time.
Now it may or may not be surprising that the mathematical form of
the equation for the steady-state equilibrium in this case is the same as
in the Arrow–Debreu case with two agents, one good, and two time
periods. The utility functions (3.31) and (3.32) have the same form as
those of (3.11) and (3.12); there are four endowments that make up the
supply of the good in period t: those possessed by each of the two young
agents born in t and those possessed by each of the two old agents born
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in t - 1. The same price normalization can be used, with its same interpretation as a transformation of the market rate of interest. The same
ﬁndings as in the Arrow–Debreu case carry over: the interest rate will
in general depend on the distribution of endowments across agents in
each time period, and multiple equilibria (in addition to the Golden
Rule steady state) are possible if the two agents have “symmetrical” preferences and the intertemporal elasticity of substitution is not too high.
What does it mean in this case for the utility functions of the two
agents to be “symmetrical”? In the Arrow–Debreu case, the interpretation was that agents living during different time periods would normally
weight most heavily the consumption they enjoy when they are alive,
and that their endowments would accrue to them mainly during their
respective lifetimes. In the OLG framework, we can imagine people
whose lifetimes overlap, with each period of the model corresponding
to a particular span of the overlapping years. Now it is possible in this
setting to think of two kinds of people: “present-oriented” people whose
utility is grounded in short-term pleasures and whose most important
endowment is in the near term. Imagine a hedonist living “for the
moment” whose most important asset is physical attractiveness. Contrast this with a “future-oriented” person, someone who looks forward
to a high income and high productivity later in life, based on the accumulation of human capital and job experience. These two kinds of
individuals could be thought of as having the type of symmetrical
preferences that lead to multiple equilibria.
It is possible to carry the thought experiment farther, however. In
reality, the periods of overlap of the generations are not sharp and discrete as in the model. People are being born and are dying continuously.
In any given interval of years, there is a distribution of people of various
ages. If we think of the “young” and the “old” people in any such interval (corresponding to the two “generations” of the model who are alive
at any time t), we realize that within the “young” there will be people
with ages ranging from newborn to middle-aged. Similarly, within the
“old” there will be people of ages ranging from middle-aged to octogenarian (and older). It is plausible for the “young” group then to be made
up of diverse agents with different weights on their consumption (and
different endowments) when “young” and when “old.” A middle-aged
person who just happened to fall into the “young” cohort would have
a low endowment when young and would place relatively low weight
on his consumption when young, compared to his utility weight and
endowment when old. Conversely, a very young member of the
“young” group would have the opposite kind of utility function (and

80

Economic Models of Climate Change

possibly also endowment pattern). The point is that diversity within the
generations (as captured crudely by the two-agent generalization) is to
be expected.
An alternative way of modeling this type of age-speciﬁc diversity is to
increase the number of periods in the individuals’ lifetimes, and to allow
for different kinds of life-cycle endowment patterns. This approach
makes it possible to go back to the single-agent model. It has been
explored in detail by Kehoe and Levine (1990) in an important paper
dealing with the application of OLG models to problems of public
policy in general. When the number of periods in the lifetime is three,
Kehoe and Levine show that a single-good model calibrated roughly to
realistic values for the life-cycle endowments, intertemporal elasticity of
substitution, and subjective rate of time discount exhibits the same kind
of multiple steady states (with corresponding different interest rate
values) that we have seen in the two-agent models with symmetric
utility functions. Kehoe and Levine specify three 20-year periods in the
lifetime of each generation, a subjective rate of time preference of 3.5
percent per year, an intertemporal elasticity of substitution of 0.25,15
and a not-implausible endowment pattern of {w0, w1, w2} = {3, 12, 1}.16
This model has three steady states in addition to the Golden Rule (with
r = 0). The (annual) market interest rates in these three steady states
are 9.1, 1.2, and -17.3 percent. As if this kind of indeterminacy were
not daunting enough, we shall see in the next section that if an OLG
economy approaches one of its steady states, the one it converges to
depends both on the “initial conditions” (the state of expectations at
the outset) and the expectations-formation mechanism of the agents.17
Neither of these considerations is a “fundamental” of the economy.
3.4.3 The indispensable role of expectations
So far, only the steady-state rational expectations equilibria of the OLG
models have been examined. Of course, restricting equilibria in this way
is quite severe. The actual economy is so complicated that exact knowledge of its rational expectations equilibria is impossible in practice
(Spear 1989, DeCanio 1999). What happens when the requirement that
the economy be in its steady-state rational expectations equilibrium is
relaxed? In the OLG model, given the history of the economy up to
period t, it is possible to calculate the market-clearing equilibrium price
ratio in period t given a mechanism for the formation of expectations
about future prices.
To illustrate what can happen when this is done, the case of a 2-agent,
2-good, 2-period OLG model will be considered. We have already seen
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that this model can have multiple steady states if the intertemporal
substitutability is low and the agents’ utilities are “symmetric.” Now let
expectation formation take the familiar adaptive form (Nerlove 1958):
bte+1 = bte + l (bt - bte )

(3.33)

Equation (3.33) applies to the intertemporal price ratio variable b; a
similar equation governs the expectations-formation mechanism of the
relative price ratio f.
In order to solve for the time path of the price variables, expectations
have to be given initial values b0e and f0e. Nothing about the fundamentals of the economy determines what these initial expectations values
might be. Similarly, it is possible to imagine various values for the speed
of adjustment parameter l in equation (3.33) and its counterpart in the
equation for fte. Numerical simulations show that many different possible starting points and speeds of adjustment are able to produce equilibrium paths that converge to the steady states. This is an illustration
of the general proposition that there is a robust continuum of equilibria in OLG models (Geanakoplos 1989b).
This continuum of alternative equilibrium paths will exist even if
there is only the one steady state other than the Golden Rule. Figure
3.1 shows three such paths for b and f for different initial conditions
for the 2 ¥ 2 ¥ 2 model with Cobb–Douglas utility. Each path converges
to the non-Golden Rule steady state, and different initial conditions
would exhibit different transition paths.18
If there is more than one steady state, the path taken by the economy
may converge to a steady state – depending on the starting point and
speed of adjustment – or it may exhibit chaotic dynamics, depending
on how the economic system “picks” the market equilibrium in each
successive period. An example of the kind of behavior that is possible
is given in Figure 3.2, for CES utility functions with a low degree of
intertemporal and inter-good substitutability.19 The economy whose
path is depicted in Figure 3.2 has three steady states, corresponding to
b values of 0.115, 1, and 8.686. (The corresponding annual interest rates
would be 11.4, 0, and -10.2 percent if the duration of each time period
is 20 years.) In each time period, the economy uses a numerical search
method20 to ﬁnd the equilibrium, given the past price history and expectations formed according to (3.33). With this particular conﬁguration
of values, we see that the economy can spend long stretches of time
(the 12 periods or 240 years beginning at t = 17 and the 5 periods or
100 years ending at t = 37, for example) near its “high interest rate”
steady state. From time to time, however, the economy can jump to a
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Figure 3.1 Alternative paths to the steady state: Cobb–Douglas case

“low interest rate equilibrium.” At these times the market interest
rate is in the vicinity of 1 percent per annum. Note that the “low
interest rate equilibria” do not correspond to the future-oriented steady
state (which has a negative interest rate). The interest rate is low but
still positive.
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Figure 3.2 Chaotic equilibria: CES utility case

None of this should be taken to suggest that the probabilistic equilibrium choice mechanism underlying Figure 3.2 corresponds to what
actually takes place in the real-world economy. But that is the point: we
do not know by what process the economy seeks equilibrium, or moves from
one equilibrium to another, or cycles between equilibria. If the economy
had spent a long time close to one of its steady states (the “high interest rate” one, say) it is not even clear whether the agents could be aware
of the existence of other possibilities. It might be that only a shock of
some magnitude could bump the economy to an alternative equilibrium. If empirical economics had strong models of dynamics, it might
be possible to specify how the “equilibrium choice” is made. But those
dynamic models either do not exist or exist in only rudimentary form.
But this example and the instability examples of Chapter 2 demonstrate
that dynamics matters fundamentally. There is simply no scientiﬁc justiﬁcation for assuming that the economy gravitates quickly to a unique
and stable equilibrium.
All kinds of variations on these themes are possible. The most obvious
direction in which extension might be made is to the three-period OLG
model of the type employed by Kehoe and Levine. Given the role of
wealth effects in creating the multiple equilibria, it is also possible to
imagine models in which economic growth leads to ever-increasing
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endowments during the “productive” years. This might trigger a switch
from a unique equilibrium to a situation of multiple equilibria. However, these possibilities should not distract us from the fundamental
points:
• OLG models, like Arrow–Debreu models, can exhibit multiple equilibria. However, the multiplicities of the OLG models are even more
pervasive. Multiple steady states are possible, corresponding to the
case of multiple equilibria in the “full information” models in which
all transactions take place at the beginning of time. In addition, the
fact that the OLG models achieve equilibrium period by period
means that different initial conditions and expectations adjustment
mechanisms can lead to different transition paths to the steady
states.
• Besides the fact that the equilibria depend on the parameters of the
agents’ utility functions and the patterns of their endowments, the
equilibrium paths in OLG models also depend on how expectations
are formed and modiﬁed. These expectation-formation mechanisms
are distinct from the “fundamentals” of the economy. The “rational
expectations” requirement is far too demanding of information and
computational capacity to correspond to actual economic processes.
• If the economy does have multiple steady states, the expectationsformation mechanism can lead to chaotic equilibria, in which the
prices and interest rate ﬂuctuate according to each period’s selection
from among the multiple equilibria available to the agents in that
period. This can lead to long stretches of time in the vicinity of distinct interest rates, so that the agents in the economy might not even
be aware of the potential for an alternative equilibrium based on the
“fundamentals” of the economy.

3.5 Models with a social planner or inﬁnitely lived agents
Models in which the agents optimize over an inﬁnite horizon, whether
based on the interactions of a collection of inﬁnitely lived decisionmakers or on the choices made by a social planner having an inﬁnite
horizon, necessarily come up against the problem of how to formulate
the optimization problem into a meaningful mathematical calculation.
Maximization of inﬁnite quantities has no meaning. In order to convert
the consumption streams into ﬁnite quantities, some kind of constraint
or weighting must be used. Thus Ramsey, the ﬁrst economist to do rigorous work on this problem, required that there be an upper bound on
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the utility of consumers (which he denoted “bliss”) so that there was
no gain from increasing consumption beyond that point (Ramsey
1928). More typically, the inﬁnite problem is converted to a ﬁnite one
by a weighting scheme that ensures that the utility attached to future
consumption diminishes geometrically as time goes on, so that the sum
(or integral) of the entire inﬁnitely long consumption stream is a ﬁnite
quantity.21
This mathematical necessity has the strongest kinds of substantive economic implications, implications that are so unrealistic as to undermine
the credibility of conclusions drawn from these assumptions. Consider
what is involved in converting the inﬁnite consumption stream of an
agent into a ﬁnite quantity to be maximized. If we assume that the
utility of the agent (or of the social planner, if the consumption stream
is that of the entire community) is time-additively separable, then the
total utility of the agent is given by
•

U = Â y t ut (ct )

(3.34)

t =0

where ct is consumption in period t, ut is the (possibly time-speciﬁc)
utility of consumption in period t, and the yt are the weights that are
required to convert the otherwise inﬁnite sum into a ﬁnite quantity.
Ordinarily, the additional assumption is made that the utility function
is the same for each time period (so that all the ut are identical functions). One “natural” set of weights to convert the sum to a ﬁnite quantity are “discount factors” such that yt = rt with r < 1. With these weights
the value of U will be ﬁnite, so long as u(ct) does not grow too fast.
To put this into the form of an economic problem, there must be
some constraint or limitation on the sequence of the ct. In exchange
models, this constraint is given in terms of the sequence of endowments
wt and takes the form that total consumption cannot exceed the total
endowment over the time path. In models with saving and production,
the constraint takes the form that consumption depends on the amount
of capital available to the economy, capital which can be accumulated
only by diverting the economy’s output to saving and away from
current consumption. In either case, it is possible to specify conditions
that enable the maximization problem to be well-deﬁned and soluble.
This formulation is, however, deeply unsatisfactory. It has already
been pointed out that no individual lives forever, so the “agent” engaged in the maximization cannot correspond to a real person. If the utility is supposed to correspond to some kind of social welfare function
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being maximized by an all-foreseeing benevolent social planner, we
run up against the fact that in general it is not possible to construct
a social welfare function. The inﬁnite-horizon formulation of the
problem requires speciﬁcation of cardinal utility on the part of the agents
in order to be able to combine those utilities to obtain a quantity that
can be maximized. The reason is that the utility in equation (3.34) is
summed over the entire (inﬁnite) horizon of the model. In order for this
adding up to be possible, the utilities at different points in time have
to be comparable in the cardinal utility sense. In other words, in order
to treat the succession of individuals living at different times as a single
inﬁnitely lived agent (or as a single social welfare function that the
planner seeks to maximize), the utilities of the individuals have to be
measured on a cardinal scale.
This notion of cardinal utility that allows utilities of different individuals to be added together or compared directly originated with
the classical utilitarianism of Jeremy Bentham and John Stuart Mill,
which sought to ground social ethics in those actions that bring about
“the greatest happiness” (Brown 2002). However, such a concept is
meaningless if the utilities of different people cannot be compared quantitatively. It is just this kind of “interpersonal comparison of utilities”
that modern economics eschews. Direct interpersonal comparisons of
utility have been rejected by economists since the 1930s, when it
was realized that the theory of demand did not require cardinal
utility.22
The invariance of observable demand behavior to monotonic transformations of the utility function enables modern welfare economics to
adopt a strictly individualist stance.23 The theory has testable implications even though it is not necessary to specify the exact form of the
utility function. Certain features of the individual’s preferences, such as
the elasticity of substitution between goods, are intrinsic and invariant
under any monotonic transformation of the utility function, and can
in principle be recovered from data on individual behavior. What is not
allowed is the aggregation of individual preferences into a single “social
welfare function” of a particular mathematical form. Hence, welfare
comparisons are permitted only according to the Pareto criterion, that
one situation is better than another if and only if every individual is at
least as well off in the ﬁrst situation as in the second, and at least one
person in the ﬁrst situation is better off. Neoclassical welfare economics is predicated on the notion that individuals are unique and incommensurable; they interact through markets according to their own
subjective interests, but their individual preferences cannot in any
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mathematically simple way be aggregated to form a social welfare
function.
Now, the nonutilitarian philosophical purity of economics is not
quite as clear-cut as it might seem from the discussion so far. Modern
welfare economics also utilizes the “Kaldor–Hicks compensation principle,” in which moving from one situation to another is considered to
be welfare-improving if it is possible for the “winners” to compensate
the “losers” with something left over. It should be noted that this is the
working presumption of almost all contemporary policy analysis based
on GDP or some measure of aggregate income – a situation with higher
GDP is considered to be superior to one with less because in the new
situation everyone could have the income he or she had enjoyed before,
plus some people would have more. It is a nontrivial detail (to which
we will return) that, as Amartya Sen (1979) has pointed out, this compensation principle may not count for much because in practice the compensating transfers need not actually be made. Policies can be implemented
that have distributional consequences without social or political mechanisms to make the losers whole.
The individualist orientation of neoclassical economics also involves
denial of the possibility that the well-being of others might affect one’s
own utility. This assumption, too, runs counter to both the empirical
and subjective reality. (We care about other people, perhaps in proportion to their proximity to us.) There is also a substantial body of evidence suggesting that people care about their relative position in the
wealth distribution. The presence of relative income in the utility function, or utility’s dependence on positional goods, gives rise to externalities and social inefﬁciencies in a laissez-faire market system (Howarth
1996, 2000; see also section 2.2.2).
For our purposes, however, the main point is that cardinal utility is
necessary for solution of the maximization problem of the inﬁnitely
lived agent. For example, one of the common versions of equation
(3.34) as it appears in integrated assessment models has a social planner
maximizing welfare over the inﬁnite horizon by allocating consumption and investment over time to maximize
•

W = Ú U [c(t )]e -d tdt
0

(3.35)

where U is the utility function, c(t) is the rate of consumption, and d
is the subjective discount rate. The problem has a well-deﬁned solution
if an appropriate production technology is speciﬁed that allows conversion of present consumption into future consumption, and if a
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boundary condition is met that keeps the value of W ﬁnite. The maximization problem becomes one of deciding on the division of output
between savings and consumption at each point in time. Solution
of the maximization problem under standard conditions yields the
“Ramsey Rule” that was derived in the two-period model above (equation (3.10)). However, the solution is not invariant under monotonic
transformations of U. Consider
•

W ¢ = Ú g {U [c(t )]}e -d tdt
0

(3.36)

where g is a positive monotonic function. It is easy to imagine g functions that would preclude a solution to (3.36) even if (3.35) could be
solved. A particularly simple example is g(U) = Uemt, where m > d. Then
W¢ is inﬁnite so long as U[c(t)] is increasing in t. In other words, if a
Ramsey-type problem such as maximization of W in (3.35) is to be
solved, the utility function must be cardinal.24
So far, we have been considering only an economy with a single good,
“consumption.” If there are multiple goods and multiple inﬁnitely lived
agents, the possibility of multiple solutions to the equilibrium maximization problem arises just as in the single time period case of Chapter
2 and in the ﬁnite number of periods case of section 3.3.3. Farmer (1999)
has shown how this can be demonstrated in an exchange economy populated by a ﬁnite number of inﬁnitely lived agents, with utility functions that are additively time-separable. The goods occurring in each
time period can be thought of as different goods, so that this economy
has a ﬁnite number of agents and an inﬁnite number of goods. Negishi
(1960) proved that this problem can be converted to one of solving a
ﬁnite number of equations and unknowns. Furthermore, the reduced
problem has the same mathematical structure as a system of market
excess demand functions in a ﬁnite single-period economy. In general,
the system will have multiple solutions.
Thus, even in the simplest type of inﬁnite-horizon model – one with
inﬁnitely lived agents, time-separable utility functions, a discount
factor less than one, and bounded wealth of the agents – multiple
equilibria can exist. Even strong restrictions on the agents’ utility functions and wealth endowments are not sufﬁcient to guarantee uniqueness. The same problems appear as we have seen before, with the same
absence of deﬁnitive empirical information that could point the way
to restrictions sufﬁcient to produce a unique solution. The unsatisfactory conceptualizations that are required for imagining inﬁnitely lived
agents or a benevolent social planner with an inﬁnite horizon do not,
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in the end, rescue the model from the challenge posed by multiple
equilibria.

3.6 Conclusions and implications for policy
Here are the main conclusions:
• In either the Arrow–Debreu or OLG framework, the equilibrium
prices and allocations will depend in an essential way on the distribution of endowments of the different members of society. This conclusion is inescapable unless the diversity of agents is assumed out
of existence by positing a “representative agent.”
• In either the Arrow–Debreu or the OLG framework, a combination
of plausible differences in the endowments and preferences of the
different agents, in conjunction with empirically supported values of
the intertemporal elasticity of substitution, will produce multiple
equilibria, each of which is the possible outcome of a competitive
market process. The means by which society settles on one such equilibrium out of the many possible ones is beyond the current understanding of economics.
• In the case of OLG models, there will in general be a continuum of
optimal equilibrium paths, depending on the initial state of expectations and on the mechanism by which expectations are adjusted.
It should be noted that the ﬁrst and third of these propositions hold
regardless of whether the general equilibrium solution of the model is
unique. There are other, and separate, reasons for preferring either the
Arrow–Debreu or the OLG framework to that of the “social planner”
models that assume an inﬁnite horizon. Basically, these boil down to
the point that the social planner approach requires interpersonal comparisons of utility (or, what amounts to the same thing, the assumption
of cardinal utility) and that the social planner model requires an institutional framework that does not and cannot exist. The Arrow–Debreu
model also rests on the ﬁction that all agents are able to transact at the
beginning of time, but at least it does not impose a “dictatorship of the
present” on the modeling outcome that is the result of applying the
social planning approach.
A common thread in all the discussion so far is the crucial dependence of the second of the two results on the value of the intertemporal elasticity of substitution, 1/(1 - b). If this value is small and with
plausible symmetric utility functions and endowments for the diverse
members of society (or different generations), then multiple equilibria,
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with all that they entail for the impossibility of conventional comparative statics policy analysis, will be the rule. On the other hand, if
the intertemporal elasticity of substitution is high, then equilibrium is
likely to be unique whatever the pattern of utilities and endowments.
The allocations, prices, and welfare of the different members of society
will still depend on the policy-driven allocation of endowments (the
endowment pattern being taken as a proxy for the various policy
options available, and for the consequences of climate change), but
there would be a better prospect that conventional integrated assessment models would yield reliable insight into the consequences of alternative policies.
There is a very large empirical literature on the value of the intertemporal elasticity of substitution (usually denoted by s). As shown
here and elsewhere, the value of the “social discount rate” or market
rate of interest, so crucial to the evaluation of climate change damages
and to the costs of mitigation policies, depends on the intertemporal
elasticity of substitution25 in a fundamental way. The IPCC’s Second
Assessment Report (1996) contains an explicit discussion of this relationship. Yet, amazingly, the IPCC’s review of work on the value of
this parameter suggests values that are substantially larger than the values
that have been estimated by most investigators. According to the IPCC
(1996),
Although no consensus has emerged [on the value of the elasticity
of the marginal utility of consumption], there is a generally accepted
method for approaching the issue. . . .
Individuals in their day-to-day decision making reveal information
about their perceptions concerning their own utility functions in at
least two different contexts: behaviour towards risk and behaviour
towards intertemporal allocation of consumption. In both contexts,
there seems to be a consensus that elasticities of marginal utilities lie
in the range of 1 to 2, even though the empirical studies require
strong assumptions about the speciﬁc form of the utility function
(symmetric and time separable). Thus, one of the most commonly
used utility functions, the logarithmic, implies [an elasticity of the
marginal utility of consumption] = 1, meaning that if income rises
by 1% the marginal utility of consumption falls by 1%. Attempts by
Fellner (1967) and Scott (1989) to estimate this elasticity place it
somewhat higher, at 1.5, whereas recent estimates reviewed by Pearce
and Ulph (1994) place it in the vicinity of 0.8.
(p. 136)
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Given the inverse relationship between the intertemporal elasticity of
substitution and the elasticity of the marginal utility of consumption,
this implies a range for the intertemporal elasticity of substitution from
0.67 to 1.25. (For Cobb–Douglas utility, s = 1.)
Yet macroeconomists (the group of economists who have examined
the intertemporal elasticity of substitution most extensively) have estimated a range of values for s from essentially zero to around 0.3. For
example, Hall’s (1988) careful econometric analysis of how aggregate
consumption responds to changes in real interest rate expectations
is unambiguous: “[A]ll the estimates presented in this paper of the
intertemporal elasticity of substitution are small. Most of them are also
quite precise, supporting the strong conclusion that the elasticity
is unlikely to be much above 0.1, and may well be zero” (p. 340).
Kocherlakota (1996) shows that it is possible to restate the famous
“equity premium puzzle” (Mehra and Prescott 1985) as evidence that
the coefﬁcient of relative risk aversion26 must be greater than 8.5. This
is equivalent to saying that the intertemporal elasticity of substitution
is less than 0.12.27 Approaching the problem with an entirely different
methodology – “survey responses to hypothetical situations constructed
using an economic theorist’s concept of the underlying parameters” –
Barsky et al. estimate average lower and upper bounds on the elasticity
of intertemporal substitution to be 0.007 and 0.36 respectively, with
a midpoint of 0.18 (1997, p. 566).28 As noted above, Auerbach and
Kotlikoff (1987) use a value of s = 0.25.
It is a mystery how could the IPCC could have ignored all the
evidence and controversy surrounding the empirical value of this key
parameter. The IPCC’s statement itself reﬂects a high degree of confusion – ﬁrst stating that there is no consensus, then asserting that the
consensus is a value of the elasticity of the marginal utility of consumption between 1 and 2. It does not help that the IPCC notes that
“for one of the most commonly used” functional forms, the logarithmic, the crucial elasticity is one; the elasticity of the marginal utility of
consumption (and of intertemporal substitution) is one by assumption
if logarithmic (or Cobb–Douglas) utility is speciﬁed. Of the three empirical studies cited by the IPCC, one was published in 1967 and one is an
unpublished mimeo. This can hardly be construed as indicative of a
consensus given the hundreds of articles that have been published in
recent years on individuals’ attitudes towards risk, the equity premium
puzzle, and related topics, as well as the more recent and statistically
rigorous estimates of the intertemporal elasticity of substitution itself.
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The intertemporal elasticity of substitution is not the only critical
parameter. The models worked out in this chapter take all the substitution parameters to be the same, but this surely is not descriptive of the
real world. To go back to the point made in Chapter 2, when the
question involves the substitutability of ordinary goods for macroenvironmental goods, it is difﬁcult even to imagine a methodology that
could provide reliable empirical estimates of the elasticity of substitution between the different types of goods. The climate catastrophes
some scientists fear have not occurred, and are unimaginable to most
citizens. No empirical information exists that would enable reliable estimates to be made of how such events might enter individuals’ utility
functions.
These issues may be at the crux of the disagreements between “ecological economics” and “mainstream economics.” If one is committed
to the proposition that environmental changes are gradual and linear,
and that produced services are easily substitutable for natural services,
then one will gravitate towards the “mainstream” position that we have
plenty of time to address greenhouse gas (GHG) emissions, that climate
damages have to be compared in a marginal way to the beneﬁts of other
production forgone, and so forth. On the other hand, if one believes
that produced goods and natural services are not easily substituted for
each other, that macroenvironmental changes are likely to be large and
nonlinear, and that the time pattern of environmental change is very
important, then the “ecological economics” perspective feels more like
the nature of reality.29
This leads to the ﬁnal, essential, point: what matters most in climate
policy is the answer to the question, “Who is at the table?” The ﬂaws
in current integrated assessment models stem from their insisting that
all analysis be carried out with a present-oriented stance. Whether this
is done by discounting future costs and beneﬁts, or by imposing restrictions on utility functions that place lower value on the future, or by
specifying that there is a high degree of substitutability between present
and future goods (and between environmental and ordinary produced
goods), the result is the same. What appears to be a scientiﬁc analytical
exercise carries within it a heavy burden of implicit ethical choices. The
details of the analytical models are less important than their uniformity
in imposing a present orientation. This has nothing to do with the
notions that there is a declining marginal utility of consumption, or
that investments are productive, or any of the other standard assumptions of neoclassical analysis. General equilibrium theory in itself is
sufﬁcient to generate an “environmentalist” policy orientation if the
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models are set up in such a way as to make sure that all agents are
present and represented in the market.
Of course, in practical terms the representation of people not yet born
can only take place through applications of principles. How to do this
should be a major item on the research agenda for climate policy analysis, and for the political discussion of climate issues. General equilibrium theory as we currently know it can provide some guidelines, both
positive and negative. We can see what equilibria look like when people
from different time periods engage in model transactions, and we can
discern the consequences of imposing a present-oriented slant on model
design. It is clear from the examples discussed in this chapter that
economic logic shows no preference for individuals of different time
periods; the present-centric bias that comes with ordinary discounting
is an artifact of incomplete models or hidden assumptions. It is difﬁcult
to translate the outcomes of hypothetical general equilibrium models
into working principles for policy design. Even so, development of these
principles should be a focus of research and political discussion. Real
progress in the climate debate has ﬁrst to resolve the question of whose
interests are being represented, through a transparent and complete
speciﬁcation of how various kinds of rights are to be assigned. Then the
power and elegance of general equilibrium analysis can be brought to
bear to explicate the nature of the choices we face. Current practice only
hides the essential questions behind a technical facade.

4
The Representation of Production

4.1 Introduction
“Tastes” and “technology” are the fundamentals upon which neoclassical general equilibrium models are built. While the representation of
tastes is expressed through utility and demand functions, the underlying productive technology of the economy is represented by production
functions that relate various quantities of various inputs to the output
produced by ﬁrms. This approach requires a behavioral theory that
describes the activity of ﬁrms as they carry out the processes of production. The behavioral theory is proﬁt maximization, which parallels the
utility maximization of consumers on the demand side of the economy.
While some of the conceptual and mathematical difﬁculties that plague
the representation of preferences are common to the treatment of production in the models, there are several important differences.
Because of the way ﬁrms are deﬁned, there are no wealth effects that
could create the kind of multiple equilibria that we have seen in
exchange models that embody consumer preferences.1 Consumers maximize utility subject to their budget constraints, which, as in the models
of Chapters 2 and 3, depend on the endowments of the different kinds
of goods over which the consumers have property rights. In the neoclassical representation of the ﬁrm, the ﬁrm has no endowments – it
simply hires factors of production and maximizes proﬁts, subject to its
technology of production. Because it has no endowments of inputs,
there can be no wealth effects associated with changes in relative input
prices. As a consequence, the factor demand curves are invariably
downward-sloping functions of the factor’s “own price.”
Mathematically, imagine a ﬁrm that produces a single output with
a market price p. (There is no difﬁculty in generalizing to multiple
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outputs.) The conventional assumption (as in Chapters 2 and 3) of
perfect competition will be maintained throughout. Then, if the factors
of production are x1, x2, . . . , xm with prices w1, w2, . . . , wm, and the production function transforming the inputs into output is f, the ﬁrm
maximizes proﬁt
m

p = pf ( x1, x2, . . . , xm ) - Â wi xi

(4.1)

i =1

The ﬁrst-order conditions for a maximum (with x*,
* being the
1 x*,
2 . . . , xm
equilibrium values) are

(

)

pf i x1*, x2*, . . . , xm* = wi

"i

(4.2)

There are no endowments in equation (4.2), hence the absence of
any of the wealth effects. Indeed, it is easy to show that, provided the
second-order conditions guaranteeing a maximum hold, the “own
price” factor demand curves are downward sloping (Silberberg 1990),
that is
∂ xi*
<0
∂ wi

"i

(4.3)

Similarly, it is very easy to show that equilibrium proﬁts cannot increase
if the price of any factor of production increases. Thus, if p* is the
maximum proﬁt for a particular set of factor prices,

(

)
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(4.4)
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then for any particular input j,

(

)

[ (

)

m
∂p*
∂ xi* m
∂ xi*
= p Â f i x1*, x2*, . . . , xm*
- Â wi
- x*j
∂w j
∂
w
∂
wj
j
i =1
i =1

= Â pf i x1*, x2*, . . . , xm* - wi
i

= - x*j < 0

] ∂∂wx* - x*
i

j

j

(4.5)

because each of the terms in the bracketed summation in (4.5) is zero
from the ﬁrst-order conditions. An argument such as that embodied in
equation (4.5) is the reason for many economists’ skepticism about the
“Porter hypothesis” – the notion that stricter environmental regulation
can, under some circumstances, have a beneﬁcial effect on corporate
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performance and proﬁtability. Tighter environmental regulation is, in
the conventional view, equivalent to an increase in the price of one of
the “inputs” to production, where the input is considered to be a pollutant and the price is the cost that is imposed, implicitly or explicitly,
by the environmental regulation. If the ﬁrm is optimized and the combination of the behavior and technology or production is described in
the framework of equations (4.1)–(4.4), then the increase in environmental stringency cannot increase proﬁtability.2
Once the “problem of production” is stated in this manner, however,
several difﬁculties are apparent. First, some ﬁrms actually do possess
endowments of goods. Oil companies are one example. This is not really
a valid objection to the framework of equations (4.1)–(4.4) because it
could be argued that the companies had to pay for their rights to the
oil, or, more fundamentally, that the actual owners of the resource are
the shareholders of the company, and that the task of the management
of the company is simply to maximize proﬁts given the ﬁrm’s technology. “Rents” would have to be paid to the owners of the oil no matter
who they were, or conversely, the owners of the oil would sell it at
its market price regardless of whether “their” ﬁrm or some other were
the buyer.
A more serious objection arises in the treatment of technological
knowledge as something that can be adequately represented by a production function transforming commodity inputs into output. While
such a representation might be sensible under unchanging pastoral
conditions, it is far less clear that it is appropriate in the modern world
characterized by rapid technological change. Furthermore, what of the
behavioral model? We know that the managers of ﬁrms do not spend
their time solving the maximization problem (4.1); they are instead
engaged in a multitude of activities of varying levels of difﬁculty, requiring an entire range of human capabilities from leadership to the application of the insights of mathematical ﬁnance. At the most fundamental
level, the production function and proﬁt maximization representation
of the ﬁrm gives no insight into why ﬁrms exist at all. How are the
boundaries of ﬁrms determined? Why do actual business organizations
carry out some activities themselves, while contracting out other functions and purchasing yet others in the market?3
The mathematics of (4.1)–(4.4) is simple and its implications are
straightforward. What, then, of the myriad of evidence that ﬁrms
display inefﬁciencies and experience difﬁculties of all sorts? Why are
ﬁrms so diverse, to the point that some prosper and others fail? Why
are top managers so highly compensated? We shall see that deep deﬁ-
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ciencies in the production function/proﬁt maximization model arise
from a number of sources. Yet despite these red ﬂags, the practice in
the economic models used for climate policy analysis is universally to
represent production in some (often quite elaborate) version of the production function/proﬁt maximization model.4 The consequences of this
practice are very strong, and the result is an upward bias in estimates
of the costliness of climate protection measures. As in the case of consumer preferences, the subtleties of the behavior of ﬁrms as they operate
in the real world are well-known both within and outside the economics profession. What is missing is a realistic application of those insights
to the construction of climate policy models.

4.2 The modern theory of the ﬁrm
Suppose we begin by accepting, in the spirit of the “inside critique” of
Chapter 2, that ﬁrms and other productive organizations are collections
of rational, self-interested individuals. At the foundation of the production function/proﬁt maximization story is the notion that the ﬁrm
is efﬁcient. That is, proﬁts are maximized given the technological possibilities embodied in the production function. The consequence of this
maximization is a series of ﬁrst-order conditions equating factor prices
to marginal products. These equalities in turn form the starting point
for econometric estimation of production and supply functions and
of comparative statics calculations of how the ﬁrm would respond to
changes in market conditions. (The “proof” in equations (4.4)–(4.5) that
proﬁts cannot increase if environmental regulations are tightened is an
example of such a comparative statics exercise.)
The most basic insight of the modern theory of the ﬁrm is that the
individual rationality of the members of the ﬁrm does not guarantee,
and in fact is likely to be a barrier to, the “rationality” of the organization, deﬁned as optimal proﬁt maximization. The interests of the individuals making up an organization are not identical to the interest of
the organization as a whole. There are substantial areas of overlap in
interests, of course – in the extreme, if a ﬁrm goes out of business its
members are unemployed5 – but the task of aligning the actions of the
members of the organization with the organization’s formal goal is a
formidable one.
This is a leading example of the well-known problem of collective
action. The wide scope of this problem was set out with great clarity by
Olson (1965), but awareness of it has been with us since the earliest
times. The precise nature of the divergence between the interests of the
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individuals making up a group and the interest of the group as a whole
has been described in various ways, as the principal/agent problem, the
problem of opportunism, and the problem of information asymmetry.
All these descriptions are ways of looking at similar sets of difﬁculties,
so it is worthwhile to discuss some of the speciﬁcs of the argument.
There is an extensive technical literature spanning economics, management science, sociology, and organization theory that covers these
issues in detail, and no attempt will be made here to survey that literature comprehensively.6 Instead, the main arguments will be reviewed
in somewhat generic form. What is common to all these literatures is a
consensus that the simplistic production function/proﬁt maximization
framework does not and cannot serve as an adequate description of the
activities of ﬁrms and other productive organizations in a modern
economy.
4.2.1 Principal–agent problems
All human relationships have at least the potential for a divergence of
the interests of the parties. While cooperation is necessary for any kind
of complex production or market interaction, it should not come as a
surprise that the leaders (or owners) of ﬁrms must struggle with how to
induce the members of the ﬁrm to advance the ﬁrm’s objective – which
is, at the most basic level, to increase the owners’ wealth. The conﬂicts
that can come into play in relationships of this type (which are not conﬁned solely to the modern business corporation) are referred to as “principal–agent problems” because the interests of the “principal” (who may
be the shareholders of a ﬁrm, the top management, or some subgroup
of the organization) and the “agent” (the employees of the ﬁrm, a
management layer below the top, or a subordinate subgroup) do not
coincide.
Some principal–agent problems arise simply because of conﬂicts of
interest. Owners of a ﬁrm may wish that their employees would put
proﬁt maximization above all other goals, but it is impossible to specify
in detail every eventuality in which management discretion is required.
That is, after all, one reason for hiring managers in the ﬁrst place. In
the natural course of events, situations are bound to arise in which the
managers’ interests and those of the owners differ. The consequences
of this “separation of ownership and control” were remarked upon by
Berle and Means in the 1930s, but recognition of the problem goes
back to Adam Smith and before (Berle and Means 1932; Jensen and
Meckling 1976).7
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Managers are very likely to be privy to information that is unavailable to the owners of a ﬁrm. Under such circumstances, the owners
have no way of assessing whether the managers’ decisions are based on
information only the managers have, or are being driven by some distinct interest of the managers. Is the construction of opulent corporate
ofﬁces necessary to maintain the company’s image and to provide a kind
of advertising (or signaling), or does it merely ﬂatter the vanity of
management? Is entering a new line of business justiﬁed on strategic
grounds of proﬁt potential, or is it the managers’ empire building? Is a
corporate jet necessary to economize on scarce managerial resources,
or is it a perquisite that could be dispensed with to the beneﬁt of the
bottom line? The very disconnection between the advancement of
capital on the one hand, and immersion in the day-to-day operations
of the ﬁrm on the other, that makes modern market capitalism
possible is also the source of this kind of information gap. The
inability of the principals to know the actual rate of return on various
investment projects may induce them to set a “hurdle rate” higher
than the appropriate risk-adjusted cost of capital, as a way of assuring
that proﬁts are not dissipated into managerial slack (Antle and Eppen
1985). This means that some genuinely proﬁtable projects will not be
undertaken, and that the ﬁrm’s production process will be inefﬁcient as
a result.
Principal–agent problems also show up in the design of compensation plans for managers and employees. Stock option plans, investment
of employees’ retirement savings in company stock, and bonuses based
on company or division-wide proﬁt performance are all examples of the
attempt to conjoin the interests of the agents of a company with those
of their principals. These plans can themselves have adverse repercussions for efﬁciency, as when managers concentrating on short-run
results (because that is what determines their compensation) emphasize
temporary gains over long-term opportunities (Statman and Sepe 1984;
Pinches 1982), or when the compensation plans are nothing but
schemes to conceal managers’ collection of excessive rents (Bobchuk
et al. 2001).
4.2.2 Problems of control
Even if a divergence of interests between owners and managers (or
between different levels of managers, or between management and
workers) did not exist, a modern complex organization would face difﬁculties of control. What are the instructions to be given to lower
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management and employees in directing them to maximize proﬁts? The
modern ﬁrm is not like a Robinson Crusoe sole proprietorship or small
family workshop; no one working on the assembly line, on the road
making sales, or sitting in a customer service cubicle, can possibly know
about all aspects of the ﬁrm’s multitudinous activities. Even the top
management cannot know everything; information is ﬁltered as it rises
through the bureaucracy. It surely will not do simply to instruct employees to “maximize proﬁts,” because no one can know exactly what
any person’s or group’s contribution to the ﬁnal economic proﬁt of
the ﬁrm is. Employees have to be given particular tasks and responsibilities; they have to be provided with information systems that enable
them to track their progress (and that enable their performance to be
evaluated), and specialization within the organization is important
in the same way and for the same reasons it is at the industry or
economy-wide level.
As a result, the command to “maximize proﬁts” must be mediated by
layers of accounting data, direct and indirect performance indicators,
internal and external benchmarks, and judgment of intangibles. Everyone knows the pitfalls of having agents work “to the formula” that has
been provided as their performance guideline, regardless of the longterm objective. The net proﬁtability of a ﬁrm is the result of a complex
of decisions made at different levels of the organization, inﬂuenced by
an external environment (customers, laws and regulations, market conditions) that can only be known imperfectly. Employees have to be
motivated to align their actions with the formal objectives of the ﬁrm,
and the organization must interact with the larger society – its community or communities, the legal system, and “public opinion.”
All of these considerations are only a part of what makes management such a demanding task. If maximization of proﬁts along the lines
of equation (4.1) were all that was involved, the ideal manager would
be a recent college graduate who had done well in beginning calculus
courses. There would be no multimillion dollar salaries for top managers, nor would there be a scramble by students for admission to highpriced MBA programs.
4.2.3 Deeper computational limits
At the most fundamental level, the fact that the ﬁrm can only make
decisions through its own rules and procedures imposes certain limits
on its ability to process information. No matter how capable the individuals making up the ﬁrm are (and psychological research, experimental evidence, and introspection suggest strongly that individuals
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themselves are only boundedly rational), the organization does not
have a unitary consciousness and does not act in the same way as an
entity with a single will. While some advantages can be gained by
drawing on the distributed information and intelligence of the individuals who make up the organization, the decision-making procedures
of the organization impose one or more layers of complexity on the
formation of decisions. Whether these procedures are thought of as a
mechanism for aggregating the preferences of the individuals in the ﬁrm
(as might be appropriate for an owner-operated ﬁrm or a relatively small
partnership) or whether the rules emerge from legal, cultural, and
historical structures, there can be no assurance that the resulting
decisions will accomplish any particular singular objective such as proﬁt
maximization.8
The nonunitary nature of the ﬁrm imposes computational constraints
on the ﬁrm’s decision-making that preclude complete maximization.
Many of the actual problems ﬁrms face, such as sequencing and scheduling, database management, storage and retrieval, or network design,
can be formalized in such a way that they can be shown to belong to
the class of NP-complete problems (Garey and Johnson 1979). Mathematically, this means that there is no known algorithm for solving any
of these problems that does not require an amount of computation time
that grows faster than “polynomially” in the size of the problem.9 Informally, it means that these problems are intractably difﬁcult and that in
practical applications, such as the operation of a productive organization, the managers will have to settle for approximations that fall short
of an optimal solution. It is also known that a number of standard problems in economics, including the formation of “rational expectations”
and the solution of standard problems in game theory and general equilibrium, run up against computational limits (see Rust 1996 [revised
1997], DeCanio 1999, and the references cited in these papers). Even if
human brains are somehow able to access quantum computational
effects, communication over “classical” channels, as required in human
organizations, means that problems requiring combining information
from the various members of the organization are subject to the limits
of a classical Turing machine.
The strong implication is that there is no way around the limits that
“bounded rationality” places on human economic activity.10 In particular, it is impossible to achieve the mathematical ideal of full optimization in production processes and the other activities of ﬁrms.
Simply recasting these problems as calculus maximization exercises
that can be solved amounts to abstracting from essential features of the
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underlying reality. The fact that it is usually possible to calculate the
optimal solution of equation (4.1) is not sufﬁcient grounds for asserting implicitly that (4.1) is in fact an adequate representation of the
technological and behavioral reality of the ﬁrm.
4.2.4 The evidence
The issues discussed so far in sections 4.2.1–4.2.3 constitute a compelling set of theoretical reasons why we should not expect optimization to be the rule for ﬁrms and other productive organizations. In
addition to these abstract arguments, there is a very large body of evidence that is consistent with a failure of complete optimization in production. The ﬁrst and most obvious type of evidence is the personal
experience we all have had in our own organizations – each of us knows
of a myriad of inefﬁciencies close to home. It is not necessary to rely
only on subjective experience to establish that inefﬁciency in production is the rule rather than the exception, however. Several currents in
the empirical literature of economics, management science, and operations research are devoted to the measurement of inefﬁciencies in production. In a series of papers beginning in 1966, Harvey Leibenstein
introduced the concept of “X-efﬁciency” (and also its converse, Xinefﬁciency) and argued that X-efﬁciency was more important than
allocative efﬁciency in determining the productivity and proﬁtability of
ﬁrms.11 Although Leibenstein is most often acknowledged for his theoretical contribution, it should be remembered that his original 1966
paper contained a great deal of empirical information on the existence
and magnitude of X-inefﬁciency, including data from detailed surveys
of industrial establishments, the lag time between invention and innovation (or the adoption of the new technology), and the rate of return
to management consulting services.
One way of formalizing the notion of technical efﬁciency (and of
measuring the distance a ﬁrm or facility is from its productionpossibilities frontier) is through the technique of “data envelopment
analysis” (DEA). Originally introduced in the 1950s (Koopmans 1951,
Farrell 1957), the DEA technique calculates the efﬁcient points on the
isoquant or production-possibilities frontier for a group of individual
decision-making units (DMUs). The DMUs that lie on the frontier are
“technically efﬁcient,” while those that lie inside it are inefﬁcient. In
effect, DEA is a ﬂexible method for “benchmarking” DMUs to the most
efﬁcient comparable units in their industry.
Several comprehensive standard treatments of DEA are available
(Cooper et al. 2000, Charnes et al. 1994, Sengupta 1995). The DEA
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literature itself is extensive; the CD-ROM bibliography (Seiford 2000)
accompanying the Cooper et al. text and covering the period 1978
through September 1999 contains over 1500 entries.12 Articles containing “data envelopment analysis” in their title, keywords, or abstract
have been running at a rate of around 100 per year in recent years in
the Social Sciences Citation Index (ISI Web of Science 2002). It would
be an interesting (although extremely time-consuming) exercise to
conduct a complete meta-analysis of this literature to determine if there
are any patterns or tendencies in the levels of inefﬁciency reported;
a nonsystematic compilation of 26 such studies revealed an average
efﬁciency level of 86 percent (DeCanio 1997).
DEA is not the only approach to the measurement of relative efﬁciency. DEA is a nonparametric technique, but parametric methods have
also been applied to the problem.13 In addition, there are other indications of the failure of proﬁt maximization to account for what we
observe in the real world. If ﬁrms were fully optimized, there would
be no market for corporate control, and no efforts by management to
insulate themselves from takeovers by defensive measures such as
supermajority provisions and “poison pills.” Successful takeover attempts tend to raise the value of the stock of both the target and acquiring ﬁrms (Jensen 1988, Bradley et al. 1988, Jarrell et al. 1988), and
there is evidence that when states pass antitakeover legislation, the
value of ﬁrms headquartered in those states falls.14 All these evidences
of the failure of ﬁrms to optimize are observationally grounded. It can
hardly be considered good scientiﬁc practice to ignore such extensive
and diverse evidence of the failure of optimization in favor of an unsubstantiated preference for the unadorned proﬁt maximization model of
ﬁrms and production.

4.3 Aggregation problems
In addition to the deﬁciencies in proﬁt maximization as a behavioral
hypothesis, there are also technical obstacles to the representation of
production by conventional neoclassical production functions. If technological production possibilities are to be represented by any means
other than an exhaustive listing of every individual piece of equipment
along with directions for its use, the production function must embody
some notion of capital aggregation. Yet no economically meaningful
method of constructing capital aggregates can be devised, except under
conditions that are so unusual and special as to have no relevance to
the real world.
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The basic problem is that the price of capital goods depends on the
expected future stream of proﬁts that can be earned through their
employment. This future net revenue stream has to be discounted by a
discount rate that itself is the price of capital, but such a self-referential
pricing problem would not in and of itself preclude a solution (equations involving their own solution as a functional argument can often
be solved for their “ﬁxed points”). The real problem is the uncertainty
that is intrinsic to technological progress. For it is always possible
that new inventions will render elements of the existing capital stock
obsolete and worthless. (Recall the example of the electromechanical
calculators from Chapter 2.) No measurement of “capital” based on past
dollars invested can escape this possibility, and hence the value of the
capital stock is always contingent upon the unknowable future state of
technology.
This conundrum has been elaborated in a number of different ways.
Joan Robinson (1953) made clear that the attempt to reconcile the decision-making of the “man of deeds” (the capitalist business owner
making investment decisions based on expected future proﬁts) and the
“man of words” (the economist or accountant attempting to measure
the capital stock as something other than an exhaustive list of different
types of equipment) was impossible under any but the most rigid kind
of unchanging conditions. A more recent argument with similar implications is given by Fisher and McGowan (1983; see also Fisher et al.
1983), who demonstrated that the true (“economic”) rate of return
cannot be recovered from accounting data.15 As Fisher puts it, “[w]hile
the economic rate of return is the magnitude that properly relates a
stream of proﬁts to the investments that produce it, the accounting rate
of return does not. By relating current proﬁts to current capitalization,
the accounting rate of return fatally scrambles up the timing” (1984,
pp. 509–10).
The capital aggregation problem is not just one of measurement. In
a series of articles published in the Review of Economic Studies (1965,
1968a, b) and Econometrica (1969a) and summarized in his deﬁnitive
Econometrica paper (1969b), Fisher describes (and solves, to the extent
that it can be solved) the problem of deﬁning aggregate capital stocks
and constructing aggregate production functions. In brief, the main
results are:
(1) Unless efﬁcient allocation of resources is assumed,16 an aggregate
production function will exist if and only if every ﬁrm’s production
function is additively separable in capital and labor;

The Representation of Production 105

(2) If an efﬁcient allocation is assumed, and if labor exhibits strictly
diminishing returns, then a necessary and sufﬁcient condition for
capital aggregation (and existence of an aggregate production function)
is that every ﬁrm’s production function satisfy a partial differential
equation of the form
v
f KL
= g (f Lv )
v v
f K f LL

"v

(4.6)

where the function g is the same for all ﬁrms. Here the f v are the production functions of the individual ﬁrms (indexed by v), and the subscripts indicate marginal products or cross-products with respect to the
ﬁrms’ capital and labor inputs. This condition is not easy to interpret
directly, but it has two consequences:
(2a) If constant returns is not assumed, “there is no reason why perfectly well behaved production functions cannot fail to satisfy any
partial differential equation [of this] form,” and “if some ﬁrm has such
a production function, then exact capital aggregation is impossible
regardless of the nature of the production functions of other ﬁrms”; and
(2b) If constant returns is assumed, then “average product per worker
(as well as marginal product) and proﬁts per worker will be the same in
all ﬁrms” (1969b, pp. 559–60, italics in the original).
Of course, it would be stretching reality past the breaking point to
presume that average product per worker and proﬁts per worker are the
same in all ﬁrms, whether in the whole economy or in any subsector
or industry within the economy. If this were not bad enough, the
technical conditions for the construction of subaggregates (that is,
aggregates comprised of some but not all types of capital) are also very
restrictive. Nor is it the case that an aggregate production function
with nice properties can be found that closely approximates the true
disaggregated production function. The only way in which such approximations could be assured would be if we were willing to accept
production functions that are very “irregular” in the sense that their
ﬁrst and second derivatives exhibit large “wiggles” up and down. Fisher
is not entirely pessimistic about the possible usefulness of aggregate production functions, but he concludes on this note:
Just because it is possible to use aggregate production functions for
grand statements about long run growth and technical change, it is
important to be careful about the foundation for such statements. At
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present, that foundation seems solid only insofar as relatively small
changes are concerned. The analyses which I have here summarized
have convinced me that there is at least need for great caution in
this area. It may recalled that Solow’s seminal article [1957, p. 312]
called for “more than the usual ‘willing suspension of disbelief’ to
talk seriously of the aggregate production function.” That suspension
has clearly led to very fruitful results. I am, however, ﬁnding it increasingly difﬁcult to maintain. The conditions for the existence of
aggregate production functions, at least when widely diverse industries are included, seem very, very strong.
(1969b, p. 576)
What are the implications of these ﬁndings for current practice in
integrated assessment modeling? The models are not based on any
explicit tests of whether the conditions required for aggregation of
production functions hold.17 This means that even if the production
functions of the models bear some kind of statistical relationship
to past data, the production functions cannot therefore be taken to be
empirically grounded. Instead, they represent a ﬁction that is mathematically convenient, one that enables the derivation of optimality conditions (expressed as the ﬁrst-order conditions for proﬁt maximization)
that might be useful for policy analysis if they actually did obtain. The
plausibility of this ﬁction may vary according to the perceptions of
the consumers of the models’ results, but that kind of postmodern
attitude (that “reality” is in the eye of the beholder) is at variance
with the cloak of scientiﬁc rigor in which the models are typically
wrapped.

4.4 A more realistic characterization of production
We have seen in Chapter 2 that the mathematical behavior of a tâtonnement adjustment process depends on the characteristics of the market
excess demand functions. Without knowledge of the actual dynamics
of the economic system, comparative statics analyses of the response of
the system to policy changes are not reliable. The excess demand functions derived from standard utility-maximizing assumptions can have
virtually any shape, so that the use of equilibrium conditions to characterize the economy leads to an underdetermined system. This suggests
that the dynamic processes themselves might be a better starting point
for modeling than the conditions of equilibrium. A true dynamic model
could trace out the development of the system over time, whether or
not it tends towards equilibrium (and regardless of the characteristics
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of any equilibrium that might exist). If the dynamics were known, no
information about the behavior of the system would be lost or missing,
whereas we have seen that knowledge of the equilibrium conditions
alone is not sufﬁcient to determine the system’s characteristics. A focus
on dynamics rather than equilibrium may also be a better way to
approach the representation of production.
There is no doubt that the problem of dynamics is difﬁcult, and has
not been satisfactorily solved (at least there is no consensus about what
constitutes a good dynamic economic model). One way of addressing
production dynamics that has much to recommend it is an evolutionary
perspective. Evolutionary models have the advantage of being wellsuited to complex systems, and the pressure of “natural selection” is
highly analogous to the market pressures faced by ﬁrms in a competitive environment. Evolutionary thinking about economic dynamics has
a long and distinguished history. Hayek (1988) argued that the idea of
evolutionary change in the social sciences and humanities predated its
acceptance in biology, although the evolution of cultures and institutions has to be based on the inheritance of learned characteristics,
unlike the mechanisms of biological evolution. Milton Friedman (1953)
appealed to an evolutionary dynamic in making the argument that
whatever their apparent behavior, ﬁrms behave “as if” they are maximizing proﬁts, because otherwise competitive pressures would drive
them out of business. Unfortunately for Friedman’s argument, however,
there is nothing in evolutionary theory that requires that natural selection achieve optimality; the reality of the biological world is that variability characterizes the ﬁtness of both species and individuals in a
population, and that environmental change and coevolution can render
past adaptations obsolete. Interestingly, a very clear exposition of the
power of the evolutionary argument in economics, which avoids the
errors and misconceptions of Friedman’s essay, was published several
years before Friedman by Armen Alchian (1950). It is worth quoting
Alchian at length:
Current economic analysis of economic behavior relies heavily
on decisions made by rational units customarily assumed to be
seeking perfectly optimal situations. Two criteria are well known –
proﬁt maximization and utility maximization. According to these
criteria, appropriate types of action are indicated by marginal or
neighborhood inequalities which, if satisﬁed, yield an optimum. . . .
[I]t is alleged that individuals use these concepts implicitly, if not
explicitly. . . .
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There is an alternative method which treats the decisions and criteria dictated by the economic system as more important than those
made by the individuals in it. By backing away from the trees – the
optimization calculus by individual units – we can better discern the
forest of impersonal market forces. This approach directs attention
to the interrelationships of the environment and the prevailing types
of economic behavior which appear through a process of economic
natural selection. Yet it does not imply that individual foresight and
action do not affect the nature of the existing state of affairs.
In an economic system the realization of proﬁts is the criterion
according to which successful and surviving ﬁrms are selected. This
decision criterion is applied primarily by an impersonal market
system . . . and may be completely independent of the decision
processes of individual units, of the variety of inconsistent motives
and abilities, and even of the individual’s awareness of the criterion.
The reason is simple. Realized positive proﬁts, not maximum proﬁts,
are the mark of success and viability. It does not matter through what
process of reasoning or motivation such success was achieved. The
fact of its accomplishment is sufﬁcient. This is the criterion by which
the economic system selects survivors: those who realize positive
proﬁts are the survivors; those who suffer losses disappear.
The pertinent requirement – positive proﬁts through relative efﬁciency – is weaker than “maximized proﬁts,” with which, unfortunately, it has been confused. . . .
(pp. 211–13, emphasis in the original, footnotes omitted)
It is clear that Alchian appreciated the difference between selection
pressures that favor the more proﬁtable ﬁrms and the much stronger
assertion that these selection pressures result in the survival of only producers whose techniques are optimal. As alluded to above, the empirical literature overwhelmingly supports the conclusion that populations
of ﬁrms exhibit a distribution of proﬁtability or efﬁciency, rather than
all exhibiting complete maximization.
The most highly developed synthesis of evolutionary economics is
the theory of Nelson and Winter (1982). Their insights have been developed and extended since An Evolutionary Theory of Economic Change ﬁrst
appeared,18 but the comprehensiveness of their critique of neoclassical
orthodoxy – and the depth of their insight into how to reformulate economic theory – has never been surpassed. In discussing what is at stake
in the contest between evolutionary and standard neoclassical models
of the ﬁrm, they observe
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The general issue here is this. A historical process of evolutionary
change cannot be expected to “test” all possible behavioral implications of a given set of routines, much less test them all repeatedly.
It is only against the environmental conditions that persist for
extended periods (and in this loose sense are “equilibrium” conditions) that routines are thoroughly tested. There is no reason to
expect, therefore, that the surviving patterns of behavior of a historical selection process are well adapted for novel conditions not
repeatedly encountered in that process. In fact, there is good reason
to expect the opposite, since selection forces may be expected to be
“sensible” and to trade off maladaptation under unusual or unencountered conditions to achieve good adaptations to conditions
frequently encountered. In a context of progressive change, therefore, one should not expect to observe ideal adaptation to current
conditions by the products of evolutionary processes.
(1982, p. 154)
Economics and the social sciences are still a long way from having
agreed-upon formal models of evolution and dynamics. It is possible,
however, to indicate how the discovery process might proceed by
giving examples of how different evolutionary models correspond
to alternative dynamic stories, and how simulations of those models
could be compared to what might be observed. It may be ambitious
to suggest that a “dynamics ﬁrst” reconstruction of economic theory
is capable of improving on the results of equilibrium theory, but
the insight that would be provided by such a theory, together with
the known inadequacy of equilibrium theory, calls for making the
effort.
4.4.1 Modeling alternative evolutionary dynamics of production
A suitable model has to have two elements: (1) speciﬁcation of the ﬁrm
and the nature of the decision problem facing the ﬁrm, and (2) speciﬁcation of the evolutionary mechanism through which selection pressure shapes the outcome of the market process. The illustrative model
that will be described below draws on earlier work that radically simpliﬁes the behavior of the individuals making up the ﬁrm (and thereby
eliminates principal–agent problems) and focuses instead on the ﬁrm’s
problem of selecting its organizational structure (DeCanio et al. 2000,
2001).19 The model of the ﬁrm has been described in these papers and
will only be sketched here, in order to focus on the comparison of different evolutionary dynamics.
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Formally, the ﬁrm is represented as a digraph or directional graph
G(V, E), where V = {v1, v2, . . . , vn} is a set of n “vertices” or agents making
up the ﬁrm, and E is the set of ordered pairs E = {(vi, vj), "i, j with i π j},
representing the “edges” or directed connections between the agents.20
The organization operates over a discrete series of time steps, and the
job of each member is simple: to decide in each time step whether to
adopt or not adopt a particular proﬁtable innovation. The decision rule
of the agents is as simple as possible: during each time step, the agent
adopts the innovation if it “sees” another agent who has adopted it,
otherwise the agent does not adopt. Agent i “sees” agent j if the directed
edge (vi, vj) exists. The innovation initially appears randomly to one
of the members of the organization. Once adopted, the innovation
bestows a ﬁxed beneﬁt A on the agent at the end of the time step in
which it is adopted. Thus, if the discount rate is r and the innovation
ﬁrst appears to agent s, the beneﬁt to agent s is A/(1 + r). The innovation will diffuse through the organization according to its network
structure. If ti is the time step in which agent i adopts (so that ts = 1),
the total beneﬁt to the ﬁrm is
n

B( s) = Â
i =1

A
t
(1 + r ) i

(4.7)

If connections between the members of the ﬁrm were costless, then
obviously the highest beneﬁt would be obtained by having everyone
connected to everyone else in both directions. This is not possible in
the real world, of course, and in the model the cost of connections is
represented by having each agent incur a cost in each time step depending on the number of other agents it sees. If the out-degree of agent i
is ei, then the cost attributable to agent i is
•

Ci = Â
j =1

c et

(1 + r )

j

=

c ei
r

(4.8)

This cost function is nonlinear in out-degree, reﬂecting “information
overload” if an agent tries to collect and process data from too many
sources at once. Proﬁt or net beneﬁt to the ﬁrm when agent s is the
initial adopter is
n

p ( s) = Â
i =1

n

A

(1 + r )

ti

-Â
i =1

c ei
r

(4.9)

Because the site of the initial appearance of the innovation is random,
the total value of the ﬁrm G is obtained by averaging over all the potential initial nodes, so that
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pG =

1 n
Â p ( s)
n s =1

(4.10)

An illustration of the diffusion of the proﬁtable innovation through a
ﬁrm of this type is given in Figure 4.1 for a particular ﬁrm of size 6. The
agents are labeled 1 through 6 in the upper left graph. The innovation
is adopted during time step 1 by agent 1, and the adoption is indicated
by changing the vertex representing that agent from a circle to a black
dot. In time step 2, the innovation is adopted by agents 5 and 6 who
“see” agent 1. In each successive time step, the innovation is adopted
by those agents who see one that has already adopted. For this case of
the initial adopter, the innovation spreads to all agents in ﬁve time
steps. When the innovation is ﬁrst adopted by agent 1, the contribution to the ﬁrm’s proﬁtability is
p (1) =

A
2A
A
A
A
5c + c 3
+
+
+
+
2
3
4
5
1 + r (1 + r )
r
(1 + r )
(1 + r )
(1 + r )

(4.11)

from (4.9). Note that if the innovation had ﬁrst been adopted by agent
6, it would not spread at all, because none of the other members of the
ﬁrm “see” that agent. The cost component of p(6) would be the same
as in (4.11), but the beneﬁt would only be A/(1 + r). The total value of
the ﬁrm would be obtained by averaging the expressions similar to

1
6

2

5

3

4
Size 6 organization

Time step 3

Time step 1

Time step 2

Time step 4

Time step 5

Figure 4.1 Diffusion of innovation through an organization
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Table 4.1 Number of digraphs with n vertices
n

Labeled digraphs

Nonisomorphic unlabeled digraphs

1
2
3
4
5
6
7
8
12
24

1
4
64
4096
1.049
1.074
4.398
7.206
5.445
1.474

1
3
16
218
9608
1.541
8.820
1.793
1.137
2.376

¥
¥
¥
¥
¥
¥

106
109
1012
1016
1039
10166

¥
¥
¥
¥
¥

106
108
1012
1031
10142

Source: Amir-Ateﬁ (2001). The method for enumeration of the number of nonisomorphic
digraphs is given in Harary (1969).

(4.11) that would be obtained from the innovation’s initial appearance
at each of the nodes.
The managerial decision problem of the ﬁrm is to ﬁnd the network
structure that maximizes pG. Although it is easy to ﬁnd the optimal
structure for particular parameter values (A, r, c) for very small organizations of size 2 or 3, the problem cannot be solved by brute force search
for larger values of n, because the number of potential structures
increases very rapidly with n. The number of labeled digraphs (in
which each agent is distinctly named) and nonisomorphic unlabeled
digraphs21 for the ﬁrst few values of n are given in Table 4.1.
Given this size of the search space, it is plausible that the managers
of real organizations would adopt heuristic methods to approach or
approximate the optimal solution. It has been conjectured that the
general problem of ﬁnding the optimal organizational structure for a
ﬁrm of size n in this model is NP-complete or harder (DeCanio et al.
2001). Some types of organizational design problems are known to be
harder than NP-complete (Papadimitriou 1996).
The organizational model (4.7)–(4.10) is well-suited for modeling evolutionary dynamics because there is a compact encoding of the organizational structure that is ideal for application of genetic algorithms
(GAs) (see Holland 1975, Goldberg 1989, Mitchell 1996 for standard
treatments of the GA computational technique). In essence, a GA
mimics biological evolution by representing the entities whose population is evolving by their “chromosomes,” allowing the creation of
“offspring” of the parent entities through mutation and exchange of
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Parent 1
Parent 2

1 0 0 0 0 0 0 1 0 0 0 0 0 1 0 0 0 1 0 0 1 0 1 1 0 1 0 0 0 0
1 1 1 0 0 1 0 1 0 0 0 1 1 0 0 1 0 0 1 0 0 1 0 0 1 1 1 1 0 1

Offspring 1 0 0 0 0 0 0 1 0 0 0 0 1 0 0 1 0 0 1 0 0 1 0 0 1 1 1 1 0 1
Figure 4.2 Chromosomes of two parents and offspring, size 6 organization

genetic information (analogous to what happens in biological sexual
reproduction), and subjecting the entire population to selection pressure over time. In the organizational model, the chromosome is formed
by concatenating the rows of the adjacency matrix of the organizational
structure,
A G = [aij ]

(4.12)

where the element aij of the adjacency matrix equals 1 if the edge
(vi, vj) is present and equals 0 if (vi, vj) is absent. For an organization of
size n, this produces a chromosome of length n2. (In practice, the
chromosome length can be reduced to n2 - n because the diagonal elements of AG are all zero and can therefore be omitted.) Fitness of the
organization is determined by its proﬁtability according to equations
(4.9)–(4.10). Two members of the evolving population can produce an
offspring by “crossover” exchange of genetic information. This is illustrated in Figure 4.2 for two parent organizations of size 6.
Parent 1 is the organization shown in Figure 4.1. (Keep in mind that
the all-zero diagonal of the adjacency matrix has been eliminated in
this representation.) Parent 2 is another size-6 organization. If these two
parents are selected to reproduce, and the single “crossover” point
is such that the ﬁrst 12 genes of parent 1 are combined with the last
18 genes of parent 2 (these are shown in boldface italic type in Figure
4.2), the resulting offspring organization is as shown. The GA takes a
population of organizations, differentially selects members of the population for reproduction according to their relative ﬁtness, creates offspring by the process illustrated in Figure 4.2, and repeats the steps
in each successive generation. In addition, mutations can occur at
random as genes are switched from 1 to 0 or from 0 to 1 according to
a probabilistic rule.
This algorithm simulates natural selection. It allows “experimentation” in the formation of organizational structures because different
pieces of parent organizations can be broken off and rejoined, with the
offspring’s survival dependent on the resulting ﬁtness of the newly
formed structure. Different dynamics can be simulated by changing the
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rules of the GA. The rules that were varied in the runs reported below
had to do with selection for reproduction and whether or not “elite”
(high ﬁtness) organizations were preserved from generation to generation. This setup is ﬂexible enough to simulate the evolution of “mixed”
populations containing organizations of different size.
4.4.2 Some indicative results
Genetic algorithms are commonly employed to attack difﬁcult optimization problems such as the choice of organizational structure. In the
present context we are interested not so much in ﬁnding the best structure, but in the characteristics of populations that are evolving under
the pressures of natural selection. In particular, the goal is to see how
variants of the basic GA technique give rise to populations with different characteristics. By examining these simulated populations, it may
be possible to imagine how proper speciﬁcation of the GA rules could
mimic the kinds of populations of ﬁrms (varying as to the distribution
of productivity or proﬁtability, the size distribution, etc.) that are
observed in the real world.
We begin with a population consisting of S “species” of ﬁrms. These
species are deﬁned solely in terms of the size of the ﬁrms. (Size is deﬁned
as the number of agents making up the ﬁrms.) There will be M members
of each species in the initial population, so that the total population
size is M ¥ S. The parameters of reward, cost, and discount rate (A, c, r)
are ﬁxed. Three selection methods will be considered: proportionate
selection, tournament selection, and population elite selection.
Population elite selection is the simplest of the three, and corresponds
most closely to the implicit population dynamics of Hannan and
Freeman’s classic Organizational Ecology (1989). Under this selection
method, every member of the population has an equal probability of
being selected for reproduction. For each species subpopulation, form a
number of offspring equal to the size of that subpopulation, choosing
the parents at random without replacement and using two-point
crossover (which produces two offspring from every pair of parents).22
Combine all these subpopulations (including both parents and offspring), and select the top 50 percent (as measured by their ﬁtness).
Repeat for successive generations. This method amounts to a more or
less random formation of new organizations that imitate components
of existing organizations; however, there is no conscious selection of
the more successful organizations in a population to imitate. Organizations simply are born and die, with survival determined by relative
ﬁtness. Selection pressure operates on the population as a whole.
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Tournament selection is more sensitive to the ﬁtness of the individual organizations in determining whether they reproduce. Beginning
with the existing population, two members are selected randomly (with
replacement). Of the two selected, the one with the higher ﬁtness is
chosen as the ﬁrst parent. After that selection is made, two members of
the ﬁrst parent’s species are selected at random, again with replacement.
The second parent is the one of this pair with the higher ﬁtness score.
The two parents chosen in this way then reproduce via two-point
crossover with a 50 percent probability. If the crossover does not occur,
both parents are copied into the next generation. This method differs
from population elite selection in that the candidates for parenthood
are chosen in a way that favors the more ﬁt members of the population. This corresponds to the notion that the newly formed ﬁrms tend
to imitate elements of the more successful existing ﬁrms. The reason
such a selection process cannot be assumed to take place, of course, is
that it cannot be assumed that entrants necessarily know the profitability of existing ﬁrms. On the other hand, if the new organizations
are formed as a result of spinoffs or joint ventures by existing ﬁrms, it
is plausible that the more successful ﬁrms would have a higher probability of engaging in the formation of new ﬁrms. Thus, there is no a
priori presumption of which selection dynamic is more plausibly a
reﬂection of competitive market pressures.
The third selection method, proportionate selection, is similar to tournament selection except that the parents are selected for reproduction
with probabilities proportional to their relative ﬁtness in the whole population.23 This method is analogous to the “replicator dynamics” that
appears in the literature of evolutionary game theory (Weibull 1995). It
represents a different way of favoring the reproduction of the more ﬁt
members of the population. Indeed, each of these selection methods
can be thought of as selecting population members for reproduction
according to some probability distribution. Population elite selection
is equivalent to using a uniform distribution, tournament selection is
equivalent to a distribution based on rank ordering of the ﬁtness scores,
and proportionate selection is equivalent to a distribution taking
account of the relative magnitudes of the ﬁtness scores.
With proportionate or tournament selection, the evolution can take
place with or without the preservation of population elites. If elites are
preserved, some selected number of the most ﬁt members of the population are simply copied over from one generation to the next. This prevents degradation of highly ﬁt organizations; if the GA has found highly
efﬁcient structures, the preservation of elites prevents those structures
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from being broken up through crossover. On the other hand, even successful organizations are subject to “reinvention,” internal reorganization, or change in response to fashions and trends. Thus, runs with and
without elite preservation were carried out.
A basic question is whether these evolutionary dynamics generate
similar population distributions, for different runs of the same evolutionary mechanism and across the different mechanisms. Consider ﬁrst
whether the same mechanism leads to the same distribution of ﬁrms
for different runs. The particular distribution of ﬁtness scores in any
evolutionary run will depend on (1) the initial randomly generated population that provides the basic genetic material for evolution of the
population, and (2) the (partially) random events that occur during
evolution as crossover and mutation take place. Selection pressure will
tend to preserve the more ﬁt structures, but the question is whether the
distribution of ﬁtness scores tends to be similar after each evolutionary
run. This has the same ﬂavor as the question asked in connection with
biological evolution, “What would be conserved if the tape were played
twice?” (Gould 1989, Fontana and Buss 1994).
Figure 4.3 shows typical histograms24 of the ﬁtness scores of two
populations evolved under these conditions: ﬁrm size 15, population
size 500; 10 elite ﬁrms saved each generation; crossover probability 0.5;
mutation probability (1/210); (A, c, r) = (500, 3.5, 0.1); maximum time
steps for diffusion of the proﬁtable innovation = 10. The evolution was
allowed to continue for 500 generations, and proportionate selection
was the GA type. The ﬁrst thing to observe from Figure 4.3 is that there
is a considerable spread in ﬁtness scores. Even after 500 generations, the
bulk of the population falls short of the maximum ﬁtness score achieved
by the most proﬁtable organizations. Most of the ﬁrms in the evolved
populations are clearly not optimized even after 500 generations. It is
also evident that the distributions are skewed to the left. This pattern
is reasonable because, while selection pressure will promote the survival
of the more ﬁt members of the evolving population, the processes of
crossover and mutation will at the same time give rise to quite a few
failed experiments in organizational structure in every generation. This
is akin to the stylized fact that in the real world most new ﬁrms fail
rather quickly; the rule of thumb is that four out of ﬁve new small
businesses fail in the ﬁrst ﬁve years of their life.
It is also the case that even for a common set of parameters and a
particular GA, the evolved populations do not all exhibit the same
distribution of ﬁtness scores. There are a number of statistical tests for
whether a group of samples all come from the same distribution. The
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Figure 4.3 Typical histograms of ﬁtness scores from evolved populations

most common is the one-way analysis of variance (ANOVA). However,
ANOVA requires that the underlying distribution(s) be normal, and we
know that this is not likely to be the case for the ﬁtness scores of either
the evolved populations or the original random populations. The ﬁtness
function is not the sum of a large number of small independent disturbances; it is highly nonlinear in the out-degree of the vertices
(because of the functional form of the cost). Furthermore, the effects of
the connections between vertices are not independent inﬂuences on
total ﬁtness; removal of a single edge can drastically change the ﬁtness
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of the whole organization if, for example, that edge is necessary to make
the organization fully connected.25
Even though ANOVA is not suitable for testing whether the population ﬁtness scores of different evolutionary runs come from the same
distribution, a nonparametric test such as the Kruskal–Wallis test is
appropriate. In this nonparametric version of the analysis of variance,
each evolved population is treated as a sample. One hundred evolutionary runs of each variety of GA were carried out, and each population had 500 organizations. These 50,000 observations were then
ranked, and the rank sums computed for each sample (run). If there are
K samples with rank sums R1, R2, . . . , RK, and ni observations in each
sample (with n observations in all), the Kruskal–Wallis statistic is
W=

K
Ri2
12
- 3(n + 1)
Â
n(n + 1) i =1 ni

(4.13)

The distribution of this statistic is well-approximated by the c2 distribution with (K - 1) degrees of freedom (Newbold 1995; see also the discussion in Siegel 1956). Table 4.2 displays the Kruskal–Wallis statistics
and their associated probability values under the null hypothesis that
all 100 populations have the same distribution of ﬁtness scores for each
GA. Both the original populations and the evolved populations after
500 generations were tested. It is clear from Table 4.2 that in no case
can the null hypothesis of all populations belonging to the same ﬁtness
distribution be rejected at the 5 percent level for the original populations, while in the evolved populations the null hypothesis can be
rejected in every case with only a miniscule probability of Type I error.
This result holds whichever evolutionary mechanism is in operation.26
These statistical results are strong, but the economic implications are
of equal signiﬁcance. Even though the initial populations are statistically indistinguishable (in terms of the distributions of the ﬁtness scores
of the ﬁrms), the evolved populations show ﬁtness distributions that are
quite deﬁnitely distinct. This holds even for uniform evolutionary and
environmental conditions – the same GA, ﬁrm size, and cost, beneﬁt,
and discount rate parameters. The evolutionary process is “open-ended”
in that the ﬁtness distribution of ﬁrms is not determined by the underlying parameters and the dynamic selection mechanism. This means
that random events or historical accidents can measurably affect the
outcome of the process. There is nothing new about such a characterization of evolution – after all, biological evolution has selected for
locomotion by creatures with 1, 2, 4, 5, 6, 8, and “many” legs. Just as
there is no single evolutionary outcome for the “equilibrium” number
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Table 4.2 Tests of null hypothesis that all 100 populations are from the same
ﬁtness distribution
GA

Firm size

Initial generation

500th Generation

Kruskal–
Wallis

Probability
value

Kruskal–
Wallis

Probability
value

ps, no elites
ps, no elites
ps, no elites

15
16
17

91.808
97.225
106.407

0.683
0.532
0.287

4 482.200
5 036.137
9 253.005

~0
~0
~0

ps, elites
ps, elites
ps, elites

15
16
17

121.749
93.625
107.779

0.060
0.633
0.257

1 425.642
1 343.897
1 187.104

~0
~0
~0

ts, no elites
ts, no elites
ts, no elites

15
16
17

87.883
113.901
77.568

0.780
0.145
0.945

2 665.949
2 156.114
3 016.906

~0
~0
~0

ts, elites
ts, elites
ts, elites

15
16
17

75.729
72.323
74.281

0.960
0.980
0.970

787.931
880.114
662.428

~0
~0
~0

pe
pe
pe

15
16
17

108.350
81.337
90.272

0.245
0.902
0.723

49 946.71
49 968.05
49 683.87

~0
~0
~0

Source: See text. ps = proportionate selection; ts = tournament selection; pe = population
elite selection. Kruskal–Wallis statistics distributed as c2 with 99 degrees of freedom.

of appendages of life forms, there can be no presumption that any particular distribution of efﬁciencies of ﬁrms (including the distribution
that happens to exist at the present time) represents an “equilibrium.”
An obvious consequence is that policy interventions might, by changing the initial conditions or injecting new information into the market,
inﬂuence the evolutionary path of the population of ﬁrms.
A second kind of question has to do with whether, in cases in which
the initial population contains ﬁrms of different species, the evolutionary process always tends to lead to the dominance of one type of
ﬁrm. The dynamics of interspecies competition can be much more complicated than it might seem. Figure 4.4 shows the number of each of
the three species (ﬁrms of size 15, 16, and 17) remaining in the population (total population size 1500) at the end of each generation for
a particular set of parameters and one evolutionary dynamic. In Figure 4.4, the dashed line represents the number of size 15 ﬁrms in the
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21
41
61
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141
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181
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241
261
281
301
321
341
361
381
401
421
441
461
481

0
Generation
Figure 4.4 15 vs 16 vs 17 proportionate selection with no elites and type 1
scaling

population, the dotted line the number of size 16 ﬁrms, and the solid
line the number of size 17 ﬁrms. It can be seen that the number of the
size-17 species drops off precipitously in the ﬁrst 50 generations, but
recovers between the 130th and 230th generations (approximately).
There is a stretch of time during this interval when there are more size17 ﬁrms than either of the other two types. However, at around the
250th generation, the number of size-17 ﬁrms begins to drop again,
until by about the 340th generation these ﬁrms have disappeared from
the market (the size-17 species has become extinct). After this point,
there seem to be about twice as many size 15 ﬁrms as size 16 ones. Is
this an “equilibrium”? However one might be inclined to answer that
question, what is clear is that looking at only a single moment in time
could give an entirely misleading impression of the “equilibrium” size
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distribution of ﬁrms. If this industry were examined at the time when
the size-17 ﬁrms were the most common species, there would be no
indication that these ﬁrms would eventually be wiped out in competition with the others.
Figure 4.4 gives the result of only one head-to-head competition. To
see if there are any patterns in repeated runs, Table 4.3 summarizes the
results of 100 such competitions for different versions of the GA. Table
4.3 shows that different outcomes can come about for different evolutionary runs, and that the relative frequency of the different outcomes
also depends on the selection mechanism at work. In these runs, the
initial population is always equally divided among the three species of
ﬁrms, and the exogenous parameters (beneﬁt, cost, and discount rate)
are identical. The fact that not all the runs with the same selection
mechanism come out the same means that pure chance and/or the
initial conditions play a role in the outcome. This is the multispecies
analogue to the result shown in Table 4.2 that the evolved populations
differ under identical dynamics in single-species evolutions. The initial
conditions may matter because each run begins with a different population of randomly generated organizations. “Path dependence”27 may
also be playing a role because each generation takes as its starting point
the population that had evolved through the previous generation, but
the evolutionary outcome is not purely path-determined because of
random crossover and mutation that occur along the way.
When proportionate selection with no elites is the evolutionary
mechanism, the size-17 ﬁrms become extinct about 35 percent of the
time. They never dominate the population completely. Only 4 of the
100 runs result in only one species remaining. Most of the runs wind
up with a mix of species, predominantly size-15 and size-16 ﬁrms. On
the other hand, when elites are preserved the proportionate selection
runs always lead to a population containing only one species, although
which species dominates is a matter of chance (15 percent of the time
it is the size-15 ﬁrms, 41 percent of the time size-16, and 44 percent of
the time size-17). While no elites tends to favor the smaller ﬁrms, the
preservation of elites favors the larger ﬁrms.
If tournament selection is employed, the size-15 ﬁrms are almost
always eliminated. This form of selection pressure produces populations
consisting exclusively of one type of ﬁrm, most frequently the size-17
species. Nevertheless, between about a quarter and a third of the runs
result in the extinction of the size-17 ﬁrms. Once again, chance plays
a role in the ﬁnal composition of the market. Yet for the ﬁxed set of
(A, c, r) parameters, there is one size and organizational structure that
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Table 4.3 Results of head-to-head competition, 3 species, 100 runs of 500 generations each, A = 500, c = 3.5, r = 0.1
Frequency range

Proportionate selection
No elites

0
1–250
251–500
501–750
751–1000
1001–1250
1250–1499
1500

Elites

Size 15

Size 16

Size 17

Size 15

Size 16

Size 17

2
0
7
18
33
12
13
3

12
22
37
23
2
1
0
1

35
35
22
6
1
1
0
0

85
0
0
0
0
0
0
15

59
0
0
0
0
0
0
41

56
0
0
0
0
0
0
44

Tournament selection
No elites

0
1–250
251–500
501–750
751–1000
1001–1250
1250–1499
1500

Elites

Size 15

Size 16

Size 17

Size 15

Size 16

Size 17

92
0
0
0
0
0
0
8

69
0
0
0
0
0
0
31

39
0
0
0
0
0
0
61

98
0
0
0
0
0
0
2

76
0
0
0
0
0
0
24

26
0
0
0
0
0
0
74

Population elite selection
Crossover probability = 0.5

0
1–250
251–500
501–750
751–1000
1001–1250
1250–1499
1500
Source: See text.

Crossover probability = 1.0

Size 15

Size 16

Size 17

Size 15

Size 16

Size 17

100
0
0
0
0
0
0
0

100
0
0
0
0
0
0
0

0
0
0
0
0
0
0
100

100
0
0
0
0
0
0
0

88
0
0
0
0
0
0
12

12
0
0
0
0
0
0
88
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has the highest proﬁtability; it is just that the competitive process is not
likely to ﬁnd it.
Under population elite selection, all the runs result in complete
takeover of the population by only one species. If the crossover probability is 0.5, the size-17 species always wins the competition. (Recall
that the crossover probability is the probability of exchange of genetic
information when two parents are selected for reproduction.) When the
parents always “mate” (crossover probability equal to one), the size-17
ﬁrms usually drive out the other species, but occasionally (12 percent
of the time) size-16 species prevail over the other types.
Thus, for identical environmental parameters, the evolutionary selection mechanism can lead to virtually any outcome in the interspecies
competition. Sometimes one species predominates, and sometimes a
mix of species remains in the population. In the cases in which one
species predominates, it can be a different species depending on the run,
even with the same selection mechanism. These simulation experiments
demonstrate the open-endedness of the evolutionary process.

4.5 Conclusions and implications for policy
These examples illustrate the principal underlying feature of these evolutionary models: the state of an evolving population at any point in
time is not uniquely determined. Different dynamic selection mechanisms can give rise to populations with different properties, both as to
the size distribution of ﬁrms and the distribution of the ﬁtness (profitability or efﬁciency) of ﬁrms. In addition, any given evolutionary algorithm can lead to populations of ﬁrms that differ in size composition
and ﬁtness scores. While some systematic tendencies may be observed,
the variety of outcomes is sufﬁciently large as to preclude sharp characterizations of the “end-state” populations. Of course, evolution is not
a teleological process, so there is no “end-state” in reality. The term is
used here to indicate the evolved population that happens to exist at
the present time. Nevertheless, confusion between the existing population and some sort of “optimum” is deeply embedded in the “proﬁt
maximization subject to the production function” modeling style.
These ﬁndings are consistent with other evolutionary models built
along similar lines. For example, Amir-Ateﬁ (2001) shows that because
the search space in seeking the optimal organizational form is so large,
ﬁrms that adopt a “rule of thumb” to explore only over team-based
structures can frequently outcompete ﬁrms whose strategy is to search
over the entire space, even though the team-based forms are perforce
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suboptimal. Mitchell (2001) shows how an evolutionary process by
which agents choose their degree of connectedness may or may not lead
to optimal network conﬁgurations, depending on the initial conditions
and the property-rights features of the costs and beneﬁts of technology
adoption. In a model that speciﬁes ﬁrms carrying out two distinct tasks
(one corresponding to the adoption of a proﬁtable technology, as in
equations (4.7)–(4.10), and an abstract version of assembly), DeCanio
et al. (2001) show that an evolutionary process leads to a range of efﬁciency levels, and that organizations having very different structures can
show comparably high efﬁciency levels. All of these models represent
components of a research program of “computational organizational
demography” based on evolutionary dynamics.28
This perspective provides a clear scientiﬁc rationale for why ﬁrms
exhibit a range of efﬁciency characteristics. The differences originate
in the nature of the dynamic market selection process itself. In the
neoclassical formulation, it is difﬁcult to see why many or most ﬁrms
appear to be operating inside their production-possibilities frontiers.
The attempt to preserve the optimization paradigm by invoking unobserved “transactions costs” that account for the deviations from optimality is unconvincing. It is also unscientiﬁc, because there is no
evidence that could falsify the hypothesis – by construction the transactions costs are unobservable. The evolutionary model proposed here,
on the other hand, is computationally grounded and entirely transparent. It does have the implication, however, that knowing the characteristics of the population of ﬁrms (in any particular industry or across
industries) today is not in general sufﬁcient to deduce the evolutionary
mechanism that gave rise to it – the same mechanism can lead to
different populations, and the same population may be the outcome of
alternative evolutionary mechanisms.
One clear implication is that there should be no presumption that
the existing technology choices, resource allocations, size distributions of ﬁrms in industries, or internal decision-making practices of
ﬁrms are optimized. Of course, this is just the same conclusion as that
reached by the modern theory of the ﬁrm, and supported by the evidence, as discussed in section 4.2. A number of policy conclusions
follow:
• Initial conditions, particular historical contingencies, and strategic
policy interventions may affect the technologies and organizational
forms used in production without having any adverse effect on
overall economic efﬁciency;
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• The possibility that ﬁrms (and the economy as a whole) may be
inside their production-possibilities frontiers means that there is
not necessarily a trade-off between environmental protection (manifested by, for example, a reduction in greenhouse gas emissions) and
improvements in productivity or proﬁtability as conventionally
measured;
• The range of effective policy instruments is much broader than what
has traditionally been considered in the climate debate. In addition
to taxes (or tradable permits) and command-and-control regulations,
environmental objectives may reasonably be pursued by voluntary
programs, campaigns to increase the salience of environmental
values, government demonstration projects, and facilitation of interﬁrm and interpersonal networking.29
Just as in the case of the representation of consumer demand, the
representation of production in the prevailing integrated assessment
models abstracts from essential features of the phenomena being
modeled. The models that have been used to predict the effects of
climate protection policies set up their production sectors in such a way
as to preclude much of the variation and potential for change that is in
fact an essential part of industrial reality in a market economy. By ignoring such vital facts as the variance in efﬁciency of ﬁrms, the integrated
assessment models violate standards of scientiﬁc practice. In contrast,
the evolutionary perspective shows how, within the requirements for
internal consistency and computability, dynamic models can exhibit
the kind of open-endedness that actually characterizes the real world.

5
The Forecasting Performance of
Energy-Economic Models

5.1 Introduction
The predictive performance of economic-energy models has a direct
bearing on their usefulness in the climate policy debate. One of the
salient aspects of that debate is that some opponents of action to reduce
GHG emissions are willing to make conﬁdent assertions about what
the “cost to the economy” of various policy proposals (such as compliance with the Kyoto Protocol) would be. Yet at the same time these
skeptics doubt the validity of the science that underlies forecasts of
global warming, and claim that the observed century-long trend of
increasing temperatures is indistinguishable from the “noise” of natural
variation. They are willing to base strong policy recommendations on
the forecasts of economic/energy models that purport to predict output, employment, prices, and emissions decades into the future, while
denying the predictive power of physical science models of climate
dynamics.
Such a perspective might be understandable if the foundations of the
economic models were solidly established while those of the atmospheric and geophysical models were speculative. The truth, however, is
just the opposite: the physical and chemical foundations of atmospheric
general circulation models (GCMs) are ﬁrmly grounded in experimentally veriﬁed theory – the kind of theory that predicts that airplanes can
ﬂy, that green plants will convert CO2 to cellulose and oxygen through
photosynthesis, and that heat ﬂows from regions of higher temperature
to regions of lower temperature in closed systems. On the other hand,
as demonstrated in Chapters 2–4, the economic models that are the
source of pessimistic predictions about the cost of emissions reductions
are dependent on unveriﬁed (or, in some cases, false) assumptions
126
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about how ﬁrms and individuals behave, unexamined ethical judgments about the relationship between present and future generations,
and implicit welfare criteria that inordinately favor the status quo. In
other words, those who would put off dealing with climate change are
skeptical of science that is fundamentally sound, but uncritically accept
economics that is theoretically, empirically, and ethically questionable.
Despite the weaknesses of integrated assessment models that have
been detailed in the previous chapters, it is still possible that those
models might be useful in climate policy analysis if they do a good job
of forecasting either the future course of the economy (including energy
supply, demand, and prices) and/or they offer reliable guidance about
the quantitative effects of various policy alternatives. Even if the theoretical foundations of the models are suspect, they might still serve as
forecasting “black boxes” or as a means of calculating policy scenarios.
There is, after all, a strand of economic theory that claims that it does
not matter whether ﬁrms really do maximize proﬁts or not, or whether
consumers maximize well-deﬁned utility functions subject to a budget
constraint; it is enough that the ﬁrms and consumers act “as if” they
do so. This approach to predictive analysis was articulated perhaps most
clearly by Milton Friedman in his Essays in Positive Economics (1953).
Friedman’s approach has been criticized elsewhere (Simon 1963,
Laitner et al. 2000; see also the discussion of evolutionary models in
Chapter 4). Sufﬁce it to say that the “as if” hypothesis rests on strong
presumptions about the underlying dynamics of the economic system,
presumptions that have neither been established nor tested. Friedman
appeals to an evolutionary argument (if the ﬁrms did not act “as if” they
maximized proﬁts, they would be driven out of business) that is not
a necessary feature of real evolutionary processes. Evolution may exert
pressure in the direction of greater efﬁciency, but it is a nonteleological
mechanism that typically allows room for continuous improvement.
But even if the “forecasting black box” conception of energy/economic
models were acceptable in theory, we would still want to know if the
models offer accurate forecasts in practice. In order to place any conﬁdence in the models’ predictions of policy effects, we would want to
know what their record has been in the past.

5.2 The long-term predictive power of economic
models is limited
Anthropogenic climate change is a process that unfolds on time scales
measured in decades. Economists since Malthus have understood that
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it is important to think about the long run. But thinking systematically
about (and gaining insights into) the long run and the factors that shape
it – technological progress, stable institutions and property rights, etc.
(Solow 1970, Rosenberg and Birdzell 1986, Lucas 1988, Barro and Salai-Martin 1995) – is quite different from making detailed predictions
about speciﬁc economic variables such as the rate of growth, employment, the price level, or the relationship of any particular sector or
industry (such as energy) to the economy as a whole. And when it comes
to long-term forecasting, as distinct from acquiring insight regarding
long-term economic processes, the fact is that there simply are no economic models that have a track record of success.
Some forecasting exercises are held in deservedly low regard because
of their pessimistic claims regarding resource exhaustion. A few environmentalists and others who have been concerned with global resource
issues have contributed their share of exaggerations and inaccurate forecasts.1 For example, the Club of Rome’s notorious warning, The Limits
to Growth (Meadows et al. 1972), gave wide publicity to a set of estimates made by the US Bureau of Mines projecting the “Static Index” (in
years) of a variety of “nonrenewable natural resources.” The Static Index
was deﬁned as “the number of years known global reserves will last at
current global consumption” (US Bureau of Mines 1970). It was perhaps
comforting to project in 1970 that there were sufﬁcient reserves of coal
to last 2300 years, and that reserves of aluminum, chromium, cobalt,
iron, and the platinum group all exceeded 100 years. However, the Static
Index values of the years of remaining reserves for gold (11 years), lead
(26 years), mercury (13 years), silver (16 years), tin (17 years), and zinc
(23 years) were such that, if the forecasts had been accurate, the world
would be using exclusively recycled quantities of these metals by now.
The Static Index of petroleum was 31 years, so that the 1970 forecast of
the date at which we would have “run out of oil” was 2001.
Furthermore, there is a disconnection between the way the policy
debate on climate change is dominated by economic models and forecasts, and the relative lack of inﬂuence of such techniques in business management. Few companies today maintain substantial economic
forecasting units, and a wide spectrum of general business and economic forecasts can be obtained at relatively low cost. For example, a
12-month subscription to Blue Chip Economic Indicators, which contains
the forecasts of more than 50 leading business economists (or their companies) of economic growth, inﬂation, interest rates, and other important economic variables, could recently be purchased for $627 per year
(Moore 2002).2 Although most of the information contained in Blue
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Chip Economic Indicators pertains to the short run (one to two years),
longer-run forecasts (for ﬁve years annually and then an average for ﬁve
additional years) are also presented. These longer-run projections come
with a disclaimer, however: “APPLY THESE TREND PROJECTIONS CAUTIOUSLY.
The vast majority of economic and political forces cannot be evaluated
over such a long time span” (Moore 2002, p. 14, capitalization in the
original).
The poor track record of energy forecasting is hardly a secret. In a
recent comprehensive survey paper on the “perils and promise of longterm forecasts,” Koomey et al. (2001) provide numerous examples of
forecasts that failed to be realized, from Jevons’ gloomy nineteenthcentury assessment of the future of England’s energy system (which was
coal-based at the time Jevons wrote) to long-term forecasts of US energy
demand made during the 1970s (actual consumption by 2000 has
turned out to be at the very lowest end of the range of the forecasts).
Their advice to forecasters is “be modest; the future will probably unfold
in ways that you haven’t dreamed” (p. 2). A recent issue of The Economist (November 3, 2001), in an article describing controversy over the
“Hubbert curve” (the pattern of oil production and decline originally
put forward by Shell geologist M. King Hubbert) asked,
Who is right? In making sense of these wildly opposing views, it is
useful to look back at the pitiful history of oil forecasting. Doomsters
have been predicting dry wells since the 1970s, but so far the oil is
still gushing. Nearly all the predictions for 2000 made after the 1970s
oil shocks were far too pessimistic. America’s Department of Energy
thought that oil would reach $150 a barrel (at 2000 prices); even
Exxon predicted a price of $100.
(p. 81)
This kind of skepticism is a reﬂection of the ineffectiveness of economic forecasting models, but there is a deeper reason at work as well.
Speciﬁc, detailed knowledge about future economic trends or ﬂuctuations could be converted into enormous wealth. For example, the ability
to predict movements in the stock market on a daily, weekly, monthly,
or yearly basis would enable the possessor of such information to amass
huge gains from speculation. The existence of such potential gains
would draw entrants, who would compete against each other in exploiting the sources of information about the future. The market positions
taken by the agents with knowledge of the future would cause the trends
that were the source of the speculative proﬁts to disappear, and the
extraordinary gains from speculation would be reduced to normal levels
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of proﬁt from arbitrage and market research. This is the essential insight
of the “efﬁcient markets” idea that has come to dominate the economic
theory of ﬁnancial markets. The conclusion is that most ﬂuctuations in
economic variables cannot in principle be predicted. What is true about
stock prices is true also about commodity prices – oil and natural gas
no less than gold or pork bellies. The general proposition is that market
competition tends to squeeze out opportunities for speculative proﬁts,
and hence that reliable knowledge of future economic variables is very
difﬁcult if not impossible to come by.
It is important to realize that the policy relevance of energy-economic
models depends on their ability to project both prices and quantities of
the various forms of energy used by the economy. The quantities of the
various kinds of primary energy used determine GHG emissions, and
the prices of energy are important in determining economy-wide effects.
The models typically specify the impact of policy instruments (carbon
taxes or energy taxes, cap-and-trade permit systems, etc.) through speciﬁcation of price changes, so the sensitivity of the models to energy price
changes is a key component of the analysis. It is well-known that the
“baseline” forecasts for prices and quantities are both the starting point
and a major determinant of the results of any analysis of these marketoriented policies (Weyant 2000). This chapter will explore how successful economic-energy models have been in predicting energy prices,
quantities, or both.
5.2.1 History of economic forecasts using energy-economy models
Because most GHG emissions arise from the use of fossil fuels to produce
energy services, economic forecasting for climate policy has to start with
the energy sector. Forecasting of energy demand and usage became an
academic subspecialty during the oil price shocks of the 1970s. The
impact of those price disruptions spawned a great deal of interest in
modeling that was designed to predict the energy future of the United
States and the rest of the world. In looking at the record of the models
that were built during the 1970s to forecast the course of energy demand
and prices, one ﬁnds that the forecasting performance of energy/
economic models has not been accurate enough to justify their use in
making policy judgments. Indeed, judging from their history, the range
of uncertainty in the forecasts of the best models typically is greater than
the changes in energy demand that are the subject of the current climate
policy debate.
It should be noted that in order to do a retrospective analysis of the
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performance of forecasting models it is necessary to use published forecasts that are old enough to make the forecasting exercise interesting.
Simply predicting that next year will look much like this year is unlikely
to be wrong by more than a few percentage points; but the time scale
relevant to climate modeling has to span a number of decades at least.
Forecasting techniques may improve over time, so the retrospective
analysis cannot ascertain the predictive power of current models. This
does not mean that the retrospective approach sheds no light on the
performance of current models, however. In some cases (such as the
National Energy Modeling System (NEMS) used by the Energy Information Agency of the US Department of Energy to construct the Annual
Energy Outlook (AEO) forecasts), the improvements have been incremental rather than revolutionary. Notwithstanding the potential
advances in modeling technique, it is worth bearing in mind that
the models examined below were considered to be “state of the art” for
their time. The record of forecasting models in general can at a
minimum provide grounds for caution in accepting the claims of current forecasts.
Academic and government studies of the accuracy of forecasts when
compared to the actual performance of the energy sector show that the
forecasts have a dismal record. It should be noted at the outset that this
is not meant to be in any way a criticism of the forecasters themselves;
indeed, these scholars and analysts are part of the best tradition of
social scientiﬁc research. Their results have been published in the peerreviewed or monographic literature, or in reports that are available for
scientiﬁc review. The point is that even when the best representatives
of the modeling community are examined regarding the accuracy of
their forecasts, there is very little justiﬁcation for optimism about longterm economic forecasting ability.
An early comprehensive study of the reliability of forecasting is
William Ascher’s Forecasting: an Appraisal for Policy-Makers and Planners
(1978). Ascher examined the accuracy of predictions in a number of
areas, including population, (macro)economics, energy, transportation,
and technological forecasting. In one set of comparisons, Ascher looked
at the accuracy of energy forecasts with target dates up to 1970 and with
target date of 1975 for three categories: total energy demand, electricity generated, and petroleum consumption. His results are interesting
in part because the pre-1970 target date forecasts were made in the
period before the ﬁrst of the oil price shocks while the target date of
1975 occurred after this shock. Ascher found (not surprisingly) that for
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the target dates of 1970 and earlier, the forecasts became more accurate
the shorter the forecast period. Nevertheless, the errors were still large.
For electricity consumption, the median error of 15-year forecasts was
about 13 percent, compared to 6 percent for 10-year forecasts and 3.5
percent for 5-year forecasts. The 15, 10, and 5-year median forecast
errors for petroleum were as large or larger: 13, 10, and 6 percent respectively. Not enough total energy forecasts were made with a pre-1975
target date to allow meaningful comparisons (Ascher 1978, 101ff.).
Even more instructive is Ascher’s collection of 5- and 10-year forecasts
having target years of 1980 and 1985, for each of the three energy
categories. Although Ascher found “no indication yet of improved
methodology in forecasting energy demand,” he did state that “the only
glimmer of hope for better forecasts in the future is the performance of
the . . . econometric energy models” (1978, pp. 125–6). (His optimism
may have been misplaced, as will be seen below.) Table 5.1 reproduces
the forecasts in three energy categories, along with the actual values of
each of the energy quantities and the percentage error for each of the
forecasts. It should be noted that the forecasts reported by Ascher are
in some cases median or average forecasts from the studies cited, so that
the actual range of forecast errors would be greater than that computed
in Table 5.1. The average absolute percentage errors for 1985 range from
30 percent (for petroleum consumption) to 48 percent (for total energy
demand). The 1980 average absolute percentage errors are smaller, but
still substantial.
A signiﬁcant improvement in the sophistication and theoretical
grounding of long-term energy forecasts is represented by William
Nordhaus’ (1979) monograph, The Efﬁcient Use of Energy Resources. This
study is notable because it very deﬁnitely represented the “state of the
art” of energy modeling at its time. The model design and implementation are informed by economic theory, carefully estimated elasticities
of demand for energy in different sectors, and the best engineering estimates of costs and supply availability. The models are uniﬁed in an optimizing programming framework, and the forecasts were constructed
using the most sophisticated numerical methods that were available in
the 1970s. In short, The Efﬁcient Use of Energy Resources exempliﬁes the
highest standards of applied economic practice at the time.
Even so, Nordhaus’ longer-term forecasts of energy prices and consumption missed the mark by a considerable margin. One of the chief
concerns of his monograph was appraisal of the extent of OPEC’s
monopoly power in the world oil market, so Nordhaus calculated three
kinds of oil price forecasts: the “efﬁcient” price path corresponding to

Table 5.1 Actual energy usage compared to 1974–76 forecasts (Ascher 1978)
Source

Total energy demand
(1015 BTU/yr)
%
error

1985

%
error

74a

1980

%
error

1985

%
error

Petroleum consumption
(106 bbl/yr)

1980

%
error

1985

%
error

Actual value

76a

2470

6225

Shell Oil
FEAb
FEAc
Bureau of Mines
Data Resources, Inc.
Ford Foundation
Energy Policy Project
John Gray/NUS, Inc.b
OECDc
AEC
John McKetta/
University of Texas
Westinghouse
Joskow and
Baughman/MITb
Oak Ridge National
Laboratory

83
–
87
87
90
92

9
–
14
14
18
21

98
99
102
104
106
107

32
34
38
41
43
45

–
2574
–
2769
2589
–

–
13
–
21
13
–

–
3348
3990
3960
3383
–

36
62
60
37
–

8300
–
6077
7433
7099
6789

33
–
-2
19
14
9

8030
7556
7423
8375
8158
5475

40
32
29
46
42
-5

–
97
–
107

–
28
–
41

113
114
118
138

53
54
59
86

–
3042
–
–

–
33
–
–

3604
4207
–
–

46
70
–
–

–
6855
–
–

–
10
–
–

–
7556
–
–

–
32
–
–

–
–

–
–

–
–

–
–

2516
2514

10
10

3211
3217

30
30

–
–

–
–

–
–

–
–

–

–

–

–

2530

11

3245

31

–

–

–

–

2286

5740
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1980

Electricity generated by utilities
(109 kWhr/yr)

Continued

Source

Total energy demand
(1015 BTU/yr)

1980
Livermore Laboratory
FPC Technical Adv.
Comm.
A. D. Little, Inc.
ERDAc
Young/University of
Californiab
Bradshaw/ARCO
Bureau of Mines
Independent Petroleum
Association
Average absolute
error (%)
a

%
error

1985

Electricity generated by utilities
(109 kWhr/yr)
%
error

1980

%
error

1985

%
error

1980

%
error

1985

%
error

–
–

–
–

–
–

–
–

2603
2663

14
16

3419
3564

38
44

–
–

–
–

–
–

–
–

–
–
–

–
–
–

–
–
–

–
–
–

2724
3071
–

19
34
–

3715
3890
–

50
57
–

–
–
6130

–
–
-2

–
7478
6480

–
30
13

–
–
–

–
–
–

–
–
–

–
–
–

–
–
–

–
–
–

–
–
–

–
–
–

–
–
–

–
–
–

6680
6989
8942

16
22
56

21

48

18

45

Consumption.
Median projection or scenario.
c
Average of median projections or scenarios.
Sources: For the forecasts, Ascher (1978, Table 5.1, sources listed there); for the actual values, US EIA (1994).
b

Petroleum consumption
(106 bbl/yr)

13

30
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Table 5.1
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perfect competition in all markets, various “limit price” paths corresponding to OPEC’s possessing monopolistic power, and the “market”
path corresponding to prices in a “realistic market environment.” The
“efﬁciency” and “limit” prices were intended to be bounding forecasts
of the petroleum price, but the upper bound is fuzzy because the value
of the limit price depends on what assumption is made about the relationship between the short-run and long-run price elasticity of oil. In
practice, Nordhaus’ “market” price forecast is higher than the standardrun “limit” forecast in the early years of the forecast period.
The reported model runs forecast prices out as far as 2050, but the
most relevant comparisons are to the prices that have actually been
observed as of 1975, 1985, and 1995. To facilitate comparisons and to
put the prices in contemporary terms, the actual and forecast prices are
converted to 1995 prices from the 1975 prices used by Nordhaus, using
the chain-type GDP price deﬂator reported in a recent Economic Report
of the President (Council of Economic Advisers 1998a). The comparisons
are shown in Table 5.2.
This table has several features worth noting. In each of the three years
shown, one of the Nordhaus forecasts is close to the actual price, but it
is a different forecast in each year. The fact that the “limit” price is close
to the actual price in 1975 is one of the reasons underlying Nordhaus’
conclusion that OPEC had substantial market power during the period
of the ﬁrst oil shock, but in 1985 it is the “market” price that is close
to the actual value, while in 1995 the “efﬁciency” or perfectly competitive price is close to the actual value. This pattern is consistent with a
story that the world oil market became increasingly competitive after

Table 5.2 Actual and forecast crude oil prices, 1995 dollars/bbl (Nordhaus 1979)
Year

“Efﬁciency”
pricea

“Market”
priceb

“Limit” price
(standard run)c

Actual
priced

1975
1985
1995

7.78
11.27
17.97

33.10
32.72
–

23.04
24.63
37.76

26.57
36.73
17.22

a

Nordhaus (1979, Table 6.5).
Nordhaus (1979, Table 7.7).
Nordhaus (1979, Table 6.5, Col. 10).
d
US EIA (1998a), data on composite crude oil reﬁner acquisition costs. This cost ﬁgure
corresponds to Nordhaus’ crude oil delivered price.
abcd
Prices converted to 1995 prices using chain-weighted GDP deﬂator from Council of
Economic Advisers (1998a).
b
c
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OPEC’s heyday, but that would mean that a political forecast of the
strength and cohesiveness of the OPEC countries over time would have
been crucial to forecasting the actual path of oil prices over the decade
and a half following publication of The Efﬁcient Use of Energy Resources.
The book itself contains no such political analysis.
There is a second difﬁculty with these forecasts. The Nordhaus model
is an integrated model that forecasts both prices and quantities of
energy. The lower the price that is forecast, the higher is the forecast
quantity consumed. In the case of the Nordhaus model, the actual consumption of energy is lower than any of the forecast values for the post1979 years. This is illustrated in Table 5.3. As can be seen from this table,
the “market” projection for 1975 is close to actual consumption, but in
this case the model’s price is 25 percent too high. In 1985, the model
errors in forecasting total quantity are 17 percent for the “market” forecast and 37 percent for the “efﬁciency” forecast; in 1995 these errors
are 7 and 29 percent, respectively. Of course, what happened is that
the Nordhaus model (and most other forecasts) did not anticipate the
unprecedented increase in output per unit of energy that took place
during the late 1970s and 1980s following the oil shocks. This is so even
though the Nordhaus model carefully estimated price elasticities for the
various energy-using sectors based on historical data.
Other energy projections of the 1970s and 1980s overestimated both
the growth in consumption of energy in the United States and the
future level of energy prices. In an inﬂuential article in Foreign Affairs,
Amory Lovins compared forecasts of US energy futures along a “hard
path” (a composite of projections by the Energy Research and Development Administration (ERDA), the Federal Energy Administration
(FEA), the Department of the Interior, Exxon, and the Edison Electric
Institute) and a “soft path” based on conservation and technological
improvements (Lovins 1976). The “hard path” forecast of US energy

Table 5.3 Actual and forecast total energy consumption, United States, quadrillion BTUs (Nordhaus 1979)
Year

“Efﬁcient” forecast a

“Market” forecasta

Actual consumptionb

1975
1985
1995

82.5
101.4
117.6

71.9
86.6
97.0

70.6
74.0
90.9

a
b

Nordhaus (1979, Table 7.5).
US EIA (1997).
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consumption in 2000 was in excess of 150 quads, while the “soft path”
forecast was about 95 quads. Between the time the forecasts were made
in the mid 1970s and the late 1990s, actual US energy consumption was
less than either forecast,3 and by 2000 the “hard path” forecast was more
than 50 percent greater than the actual level of energy consumption.
Lovins’ 1976 article generated a great deal of controversy when it
was published. Congressional hearings were held; the hearing record
(including submissions of Lovins and his critics) ran to over 2000 pages.
This mass of testimony was excerpted and reprinted in “debate” format
by Friends of the Earth (Nash 1979). One of the most extensive critiques
of Lovins was offered by Harry Perry and Sally Streiter, two economists
from National Economic Research Associates, Inc., an economics consulting ﬁrm. The Perry and Streiter critique (reproduced in Nash 1979)4
contains a “Comparison of Energy Consumption Projections for the
United States” compiled from seven major forecasting efforts. The projections go to 2025 in one case and to 2010 in two others, but six
of the seven forecasts give an estimate of US energy consumption in
2000. Those projections are presented in Table 5.4. In some instances,

Table 5.4 Energy consumption projections for the United States, NERA compilation (publication dates 1974–77)
Study/case

2000 Actual

2000 Projection
(quads)
99.29

% error
0

RFF Base Case
DRI-Brookhaven Base Case
DRI-Brookhaven Energy Tax Case
Energy Policy Project Historical Growth Case
Energy Policy Project Technical Fix Case
Department of Interior
Institute for Energy Analysis Low Case
Institute for Energy Analysis High Case
ERDA-48 Historical Base Case
ERDA-48 Improved End-Use Efﬁciency Case
ERDA-48 Coal and Shale Synthetics Case
ERDA-48 Intensive Electriﬁcation Case
ERDA-48 Limited Nuclear Case
ERDA-48 Combination Case

114.2
156.2
117.9
186.7
124.0
163.4
101.4
125.9
165.5
122.5
165.4
161.2
158.0
137.0

15
57
19
88
25
65
2
27
67
23
67
62
59
38

Average of forecasts or errors

142.8

44

Sources: Table 1 of Perry and Streiter (from Nash 1979, p. 354); US EIA (2000a).
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more than one scenario is presented for a particular forecasting group.
Table 5.4 lists projections of “gross” consumption, that is, consumption
without omission of the losses that occur in electricity generation. Every
one of the year-2000 projections overestimated actual consumption in
2000. This is the case even when scenarios were constructed with energy
taxes or policy-induced efﬁciency gains.
Subsequent long-term forecasts have suffered from the same lack of
predictive power. Consider the forecasts of energy prices made by the
US Department of Energy in an ofﬁcial government study titled Energy
Security: a Report to the President of the United States that was published
in 1987. This report grew out of a broad-based interagency analysis and
review conducted over late 1986 and 1987 to investigate the economic
and security implications of oil imports to the United States.5 According to this report,
Outright prophecy about this country’s and the world’s energy future
is too shaky a base on which to try to construct (or even evaluate)
energy policy. For that reason, in conducting this study, the Department of Energy did not content itself with ﬂat, simplistic predictions.
Instead, DOE worked with a number of Federal Government agencies to develop several alternative energy-market scenarios through
1995. The two most important scenarios . . . present the upper and
lower boundaries in an admitted range of uncertainty, thus offering
at least some generalized projections about future US oil imports and
OPEC production that might be considered reasonable.
(US Department of Energy 1987, p. 20)
The world oil price (in 1985 dollars) of the “lower oil price case” was
projected to be $22/bbl by 1995, and in the “higher oil price case” it
was projected to be $28/bbl in 1995. If these are converted to 1997 prices
(Council of Economic Advisers 1998a), they are equivalent to $32/bbl
for the low-price scenario and $40/bbl for the high-price scenario. These
are upper and lower bound forecasts (as of 1987), yet the price of crude oil
in 1995 was actually only about $18/bbl (composite crude oil reﬁner
acquisition cost, US EIA 1998a). The error in the 1987 price forecasts is
thus between 78 and 122 percent, even though the forecasts were made
only a decade earlier.
A recent retrospective analysis of ﬁve major energy studies that were
conducted in the early 1980s reveals a similar pattern of overestimation
of the forecasted energy price (Sanstad et al. 2001b). Sanstad and his
coauthors reviewed energy projections by the US Department of Energy
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Table 5.5 Projections of primary and delivered fuel prices and errors: ﬁve major
energy studies of 1982–83 (all prices except world oil in 1996 dollars per million
BTU)
Fuel

Primary
World oil ($/bbl)
Wellhead gas
Minemouth coal
Delivered
Natural gas
(residential/commercial)
Electricity
(residential/commercial)
Natural gas (industrial)
Electricity (industrial)
Residual fuel oil
(industrial)
Gasoline (transport)

1982
Price

Median
projection of
2000 price

Actual
2000
price

Median %
error from
actual

50.70
3.56
1.99

77.22
9.95
2.92

26.01
3.10
0.73

197
221
296

7.55

12.91

5.31

143

30.35

32.09

20.55

56

5.43
21.90
7.40

11.88
28.52
12.14

2.80
12.66
3.21

324
125
278

15.46

23.25

10.19

128

Source: Sanstad et al. (2001b, Tables 3A, 3B).

(1983),6 the American Gas Association (1983), the Gas Research Institute (1982), Data Resources, Inc. (1983), and Applied Energy Services,
Inc. (1983). All ﬁve studies slightly underestimated total US energy
demand in the year 2000, but substantially overestimated energy prices.
The median percentage error in the forecast of aggregate energy demand
across the ﬁve studies was –4.4 percent. Table 5.5 shows the median
percentage error in the price forecast for primary and delivered year2000 energy prices. All but one of the forecast errors are greater than
100 percent, and four of the nine are greater than 200 percent. The
analytical focus of Sanstad et al. is on how underestimation of the rate
of increase in aggregate energy efﬁciency can skew the appraisal of
policy options, but the data in Table 5.5 clearly indicates the lack of
predictive capability of the ﬁve studies they analyzed.
5.2.2 Forecasting performance of the NEMS model
Perhaps the most prominent and inﬂuential energy/economic forecasting model in the United States is NEMS (National Energy Modeling
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System), maintained by the Energy Information Administration (EIA) of
the US Department of Energy. The NEMS model is used to construct the
Annual Energy Outlook, published each year by the Department of
Energy. The EIA also responds to speciﬁc requests by other parts of the
government, as when it published in 1998 an analysis of the “costs of
Kyoto” upon the request of the Committee on Science of the US House
of Representatives, or its analysis of the economic effects of the regulation of pollution from US power plants requested by the Subcommittee
on National Economic Growth, Natural Resources, and Regulatory
Affairs of the US House of Representatives Committee on Government
Reform (US EIA 1998b, 2000b, 2001a; see also 2001b).
The EIA also reviews the accuracy of its own forecasts (e.g., Holte
2000). Holte shows the average absolute percentage errors for ﬁve recent
forecast evaluations (conducted in 1996, 1997, 1998, 1999, and 2000),
but Table 5.6 reproduces only the results for the year 2000 forecast evaluation. The errors reported in Table 5.6 are deﬁned as follows: “The

Table 5.6 Average absolute percentage errors from 2000 AEO forecast evaluation: AEO 1982 to AEO 2000
Variable

Average absolute percentage error

Consumption
Total energy consumption
Total petroleum consumption
Total natural gas consumption
Total coal consumption
Total electricity sales

1.8
2.9
5.6
3.3
2.0

Production
Crude oil production
Natural gas production
Coal production

4.5
4.6
3.5

Imports and exports
Net petroleum imports
Net natural gas imports
Net coal exports

8.4
15.9
31.9

Prices
World oil prices
Natural gas wellhead prices
Coal prices to electric utilities
Average electricity prices

55.7
68.2
36.6
11.8

Source: Holte (2000, Table 1).
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average absolute forecast error is computed as the mean, or average, of
all the absolute values of the percentage errors, expressed as percentage
differences of the reference case projection from the actual, shown for
each AEO, for each year in the forecast, for a given variable” (Holte 2000,
p. 2). As in the Sanstad et al. study, the quantity forecasts have been
more accurate than the price forecasts. Keep in mind that these averages cover forecasts made over the entire period from 1982 through
2000, and include both short-term (one year ahead, two years ahead,
etc.) and longer-term forecasts. Not all of the AEOs contained forecasts
reaching as far as 1999 or 2000; the AEOs of 1982–85 did not include
price forecasts beyond 1995, for example. In addition, the later AEOs’
longer-term forecasts cannot be compared to actual prices and quantities, because the actual values after 2000 (the year the analysis was
published) could not be known. Thus, these average percentage errors
are weighted towards shorter-term forecasts, which are likely to be more
accurate than longer-term forecasts. Nevertheless, very large average
errors in the price projections are evident.
The data presented by Holte also shows that even in the short run,
the AEO forecasts contain little or no information about the actual
future course of energy prices. If the forecasts had any predictive value,
a regression of the actual prices as reported by the AEO on the forecasts
should show the forecasts to have some explanatory power. In other
words, if ptf,t-i is the forecast of the price of oil (or natural gas) in year t
that was made in year t - i, then a regression of pia, the actual price in
year t, on ptf,t-i should exhibit a signiﬁcant correlation. Yet for both oil
and natural gas, even the forecasts made only one year ahead have no
explanatory power. This is demonstrated by the regression results in
Table 5.7. Neither regression provides any evidence for rejecting the null
hypothesis that the forecasts have no predictive power even for the price
only a year ahead. These results are consistent with the market efﬁciency
notion that the publicly available forecasts of the EIA can offer traders
no insight into future market developments.
A different methodology to evaluate the accuracy of the EIA’s forecasts was employed by Shlyakhter et al. (1994). They examined two
types of energy demand forecasts: a cross-section of 69 energy demand
forecasts projected for the year 2000 and projections for approximately
180 energy producing or consuming sectors contained in the EIA’s
Annual Energy Outlook.7 Shlyakhter and his coauthors were interested
in comparing the magnitude of actual forecast errors to the reported
uncertainty in the forecasts as measured by the implicit “standard deviations” of the forecasts. However, most published forecasts, when they
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f
Table 5.7 Estimated regression equation, pta = a0 + a1pt,t-1
+ et, 1985–99, world oil
price and natural gas wellhead price from Annual Energy Outlook

Oil
Natural gas

â0
(Standard
error)

â1
(Standard
error)

R2

Adjusted
R2

Regression
ProbabilityValue

12.241
(5.746)
1.264
(0.607)

0.271
(0.278)
0.319
(0.284)

0.080

-0.004

0.349

0.103

0.021

0.286

Source: See text. Data from Holte (2000). Both actual and forecast price variables are in
nominal terms (dollars per barrel for oil and dollars per thousand cubic feet for gas).
There was no AEO 1988 and AEO 1990 did not have a forecast for 1991, so each
regression was based on 13 observations.

report “error bounds” at all, do not express them in terms of a statistically derived standard deviation, because the error bounds arise primarily from uncertainties in the assumptions driving the forecasts (such
as the rate of future economic growth) rather than uncertainties in
the statistical estimates of model parameters (Shlyakhter et al. 1994,
pp. 119–20). To overcome this obstacle, Shlyakhter et al. convert reported upper and lower bounds into an estimate of the standard deviation of the forecast by making an assumption about the underlying
distribution characterizing the uncertainty of the forecasts. That is, they
assume that the difference between the upper (U) and lower (L) bounds
is k times the implicit standard deviation of the distribution of forecasts
(represented by D), or
kD = (U - L)

(5.1)

They then deﬁne the “forecast error ratio” x as
x = (T - R) D = k(T - R) (U - L)

(5.2)

where T is the true (realized) value of the variable being forecast and R
is the forecast (the mean or “reference case” of the forecast distribution).
If the underlying distribution of the forecasts is normal, it is possible
to predict the frequency by which |x| exceeds any particular value. If
k = 2 (the value assumed by Shlyakhter et al.), then Pr(|x| > 1) = 0.32,
Pr(|x| > 2) = 0.045, etc. (If k > 2, these probabilities would be correspondingly smaller.)
Comparison of the actual outcomes to the “reference case” forecasts
reveals that the likelihood of large forecast errors is much greater than
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would be predicted if the underlying distribution of forecasts were in
fact normal. Thus, for the AEO forecasts, the actual likelihood that the
forecast error ratio is greater than 1 is approximately 0.7, and the likelihood that it is greater than 2 is 0.5.8 The same magnitude of forecast
errors (relative to the implicit standard deviation of the forecasts) was
found for each set of projections – the implicit standard deviations fell
as the forecast interval decreased, but the forecast error ratios did not.
The performance of the forecasts did not improve when the individual
sectors were aggregated, contrary to the authors’ prior expectations
(Shlyakhter et al. 1994, p. 123). Their survey of 69 energy forecasts
for the year 2000 (a sample distinct from the AEO sectoral sample)
showed somewhat lower forecast error ratios, with Pr(|x| > 1) = 0.6 and
Pr(|x| > 2) = 0.2. These are still substantially larger than if the underlying distribution were normal. The likelihood that individual forecasts
fall outside a particular distance from the mean is smaller in this case
because of the much greater diversity of the forecasts (which thereby
produce a larger implicit standard deviation).
What these results mean is that the actual uncertainty underlying the
energy demand forecasts reviewed by Shlyakhter et al. is much larger
than suggested by the forecasts’ “upper” and “lower” bounds. The
retrospective analysis by Shlyakhter et al. suggests that the true values
will be farther from the reference case than the upper or lower bound
of the AEO forecast about 70 percent of the time.
5.2.3 Calibration errors in energy-economic models
There certainly is no reason to be conﬁdent about the forecasting
performance of conventional energy/economic models, based on
their record. There is another reason, not commonly recognized, to be
skeptical of the models as they are presently constituted. The fuels that
make up the heart of the energy sector – coal, oil, and natural gas – are
commodities having large stocks relative to their annual consumption.
As such, they are “storable” as opposed to “non-storable” commodities
(such as perishable fresh fruits or vegetables).9 Williams and Wright
(1991) have shown that the array of present and future prices of storable commodities is linked by the economic costs and opportunities for
storage, and that any models that fail to take these linkages into account
are bound to give inaccurate and misleading results. Yet the intimate
connection between spot and future prices is absent from the major
forecasting models presently in use.
For example, consider the estimate of the “costs of Kyoto” that was
produced by the EIA using its NEMS model (US EIA 1998b). The model
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operates in such a way that “[i]n the end-use demand sectors, foresight
is assumed not to have a material inﬂuence on energy equipment
decisions, and such decisions are modeled on the basis of prices in effect
at the time of the decision” (US EIA 1998b, p. 20, fn. 22; see also p. 7).
Only in the reﬁning and power generation sectors are the producers
allowed to exercise foresight, and in the generation sector this foresight
is assumed to be perfect in the sense that “[a]n algorithm solves for the
path of carbon prices in which anticipated and realized carbon [permit]
prices are approximately the same” (US EIA 1998b, p. 20, fn. 22).
Nevertheless, futures prices are connected to current spot prices and
market conditions (the level of inventories, anticipated weather conditions, etc.); indeed, the spot and futures prices constitute an array
of interrelated prices (Williams 1986) that are linked by arbitrage to
transportation costs, storage costs, and interest charges. Models such
as NEMS are calibrated to yield current prices as the outcome of their
market-clearing conditions, but could in principle also be calibrated to
incorporate the prices of the various futures contracts that are traded in
the market. If the structure of the models were “correct” (that is, if they
adequately reﬂected all market and behavioral conditions), the price
forecasts of the models could be accurately linked to futures prices prevailing in the current market. After all, these futures prices are tangible
prices just as surely as the spot price of the commodities being traded;
ownership of a futures contract gives the holder the legally enforceable
right to receive delivery of a speciﬁed quantity of a particular commodity (standardized with respect to grade and quality) at a particular
time and a particular location. The price of such a futures contract is
just as real as the spot price prevailing at any given moment in time.10
Given that future spot prices, current spot prices, and futures prices
are linked, a properly speciﬁed model would incorporate all the information contained in spot and futures prices in its projections of the
evolution of commodity prices over time. However, according to the
Williams/Wright analysis, the variance in futures prices declines as they
pertain to more distant dates – asymptotically no additional information is contained in a more distant futures price than what is already
included in the existing prices. The basic point is that only a limited
amount of information about the future is available to the present.
Nothing else is accessible. Even in stylized models in which the structure of the markets, costs of storage, and nature of the intrinsic randomness of the economy are explicitly speciﬁed, the futures prices can
predict realized prices only with R2 values between 0.1 and 0.3 (Williams
and Wright 1991, pp. 176 ff.).
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Figure 5.1 Comparison of actual and forecast oil prices, 1992–99

Market values of oil and natural gas futures contracts are readily available. Nevertheless, none of this information is incorporated into NEMS
or any of the other models used in climate policy analysis. In NEMS,
the price forecasting model appears to be some kind of simple rising
trend, recalibrated every year to the current level of prices. Figure 5.1
shows a sample of the actual and predicted prices for oil taken from the
successive Annual Energy Outlooks and reported in the Holte study
(2000). It is evident that in every case the forecast prices simply increase
gradually over time. Of course, actual oil prices ﬂuctuate up and down
from year to year. The same pattern holds for natural gas prices as well.

5.3 Predictions of the costs of greenhouse gas reductions
and other regulatory policies
Even if energy-economic models do a poor job in forecasting the course
of the economy or its energy sector, it is still possible that the economic
models presently in use are capable of providing policy guidance
because they can be used to calculate the economic consequences of
alternative policies. Economic modeling is used to estimate the impact
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Table 5.8 Case study results on the accuracy of regulatory forecasts
Accurate

Quantity
reduction
Unit pollution
reduction cost
Total cost

Overestimate

Underestimate

Unable to
determine

13

9

4

2

8
5

14
15

6
3

0
5

Source: Harrington et al. (2000, Table 2, p. 307).

of changes in taxes, more liberal trade policies, reforms of the criminal
justice system, etc. Instead of trying to cover all these literatures, the
focus here will be on reviewing the performance of contemporary
models in calculating the effects of regulatory policies (especially of the
environmental variety).
A recent survey comparing ex ante and ex post cost estimates for
regulatory policies found that the studies had a predominant tendency
to overestimate the costs ex ante (Harrington et al. 2000). Harrington
and his coauthors reviewed 28 cases in which ex ante and ex post cost
estimates were calculated in studies not generated by the regulated
industries themselves. A forecast was classiﬁed as “accurate” if the ex
post (realized) result fell within the error bounds of the ex ante study or
if it varied by no more than ± 25 percent from the point estimate of the
ex ante study. Three categories of forecasts were examined: the quantity
of pollution reduction, unit pollution reduction cost, and total cost.
Table 5.8 reproduces some of the results of their review. Two main features of the ex ante/ex post comparison are evident from this table. First,
the forecasts are not at all accurate on the whole. Even with the very
generous deﬁnition of “accuracy,” fewer than 30 percent of the forecasts
were accurate in predicting either the total cost or the unit cost of the
regulations. Second, the tendency of the ex ante studies to overestimate
regulatory costs can be seen. This ﬁnding is consistent with the earlier
study by Goodstein (1997), which included industry ex ante estimates
in the comparison set (estimates that Harrington et al. excluded).
There are several notorious examples of the overestimation of regulatory difﬁculty or cost in the environmental area.11 Ex ante industry
estimates of the per ton cost of SO2 emissions reductions under the
Clean Air Act Amendments of 1990 were as high as $1500 per ton; the
actual cost of the emissions permits as of 2000 were about $200 per ton,
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an increase from $75 per ton in 1997.12 The forecast was off by a factor
of 7.5 in this case. Less well known is the case of estimates of the cost
of eliminating ozone-depleting substances under the Montreal Protocol.
Hammitt (1997) found that the actual reductions in CFC-11 and CFC12 were much greater (given the price increases following the signing
of the Protocol) than had been predicted ex ante. Even more dramatic
is that the RAND Corporation, in work carried out for the US EPA and
published in the early 1980s, estimated ﬁrst that “the most promising
set of mandatory controls could reduce cumulative emissions [of CFCs]
over the period [1980–90] by perhaps 15 percent” (Palmer et al. 1980)
and then that the available technical options had the potential to
reduce CFC emissions by only about one-third (Mooz et al. 1982). It was
thought to be so difﬁcult to ﬁnd substitutes for CFC-113 as a solvent in
electronics manufacture that there was discussion of excluding it from
the Montreal Protocol altogether (Benedick 1991). In actuality, CFC production (except for a few quantitatively unimportant “essential uses”)
was phased out entirely in the developed countries by the end of 1996,
and will be eliminated in developing countries by 2007. This has been
achieved with no discernable effect on lifestyles or the standard of
living, and was accomplished in some cases at a net gain to producers
and consumers (Cook 1996).
There is no way yet of knowing the impact of mandatory GHG reductions on the US economy, because no regulations have been put in
place that would bring about such reductions. However, it is possible to
compare different model estimates of the GDP cost of such reductions.
Just such a comparison has been carried out twice in the 1990s by the
Stanford Energy Modeling Forum. The EMF, in 1993 and 1999, coordinated a set of runs, by the leading energy-economic modeling groups
participating in the EMF, of comparable emissions reductions scenarios.
In the 1993 (EMF-12) comparison, the GDP impact of two alternative
carbon reduction scenarios was simulated, while in the 1999 (EMF-16)
runs, the GDP effects of compliance with the emissions reductions
targets of the Kyoto Protocol were calculated under alternative assumptions about the extent of international allowance trading. The results of
these comparisons are summarized in Table 5.9. This table shows considerable variation in the results from the different models in both EMF
exercises, whether measured as the ratio of the maximum estimate of
the GDP change to the minimum estimate of the GDP change or as the
coefﬁcient of variation of the estimated GDP change.13
In both EMF-12 and EMF-16, the models were run under uniform
scenario deﬁnitions and the results varied considerably. Yet some of the
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Table 5.9 Range of estimates of 2010 GDP effects of GHG reduction policies,
EMF-12 and EMF-16
Model

CRTM
DGEM
ERM
Fossil 2
Global 2100
Goulder
GREEN
MWC

EMF-12: scenario
(% 2010 GDP loss)

Stabilization

20%
reduction

0.2
0.6
0.4
0.2
0.7
0.3
0.2
0.5

1.0
1.7
1.1
1.4
1.5
1.2
0.9
1.1

ABARE-GTEM
MS-MRT
CETA
MERGE3
RICE
AIM
G-Cubed
Maximum/
minimum
Coefﬁcient of
variation

EMF-16: meeting the Kyoto
target (% 2010 GDP loss)
No
trading

Annex I
trading

Global
trading

1.9
1.9
1.8
0.9
0.9
0.4
0.4

0.8
0.9
0.6
0.5
0.6
0.3
0.2

0.2
0.3
0.4
0.2
0.2
0.2
0.1

3.5

1.9

4.8

4.5

4.0

0.51

0.22

0.57

0.45

0.42

Sources: For EMF-12, see IPCC (1996). For EMF-16, see Weyant and Hill (1999) and
Sanstad et al. (2001a). In EMF-12, the stabilization scenario entails stabilization of CO2
emissions at their 1990 levels by 2000; the 20% reduction scenario means stabilization at
1990 levels by 2000 and 20% reduction below 1990 levels by 2010. The EMF-16 estimated
losses were converted to a percentage of GDP using the forecast of 2010 GDP in IWG
(2000), converted to 1990 dollars using the GDP deﬂator from US Department of
Commerce, Bureau of Economic Analysis (2001).

elements of the scenarios are in fact policy options that could be subject
to change. All the EMF scenarios assumed that the tax revenues raised
by a carbon tax sufﬁcient to bring about the requisite CO2 emissions
reductions are returned to the economy as “lump-sum transfers” – as
payments that have no effect on the incentives of producers or consumers. However, it is well-known that different methods of “revenue
recycling,” that is, of returning the tax revenues to the economy, have
very different GDP effects (Repetto 2001, Sanstad et al. 2001a).
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Figure 5.2 Variations in GDP impact: 162 simulations across 16 models.
Source: Repetto and Austin (1997). Reproduced with permission

Returning the revenues in the form of reducing the marginal rates of
other distortionary taxes (such as taxes on capital or on labor income)
is more beneﬁcial to the economy than lump-sum revenue recycling.
Furthermore, the type of revenue recycling is not the only policy option
that might be varied. Repetto and Austin (1997) have shown that even
the sign of the GDP effect of the GHG reduction policies depends on
which assumptions are made in the modeling exercise. Figure 5.2 shows
the variation in GDP impact that results when different assumptions
are made and different levels of CO2 abatement are projected. Repetto
and Austin found that eight assumptions (in addition to the size of the
projected CO2 reduction) account for 80 percent of the variation in
predicted economic impacts. The eight assumptions specify the availability and cost of a noncarbon “backstop” technology, the efﬁciency
of the economy’s response to price changes, the degree of interfuel and
product substitutability, how much time before the speciﬁed CO2 reduction target is achieved, whether the CO2 reduction would avoid some
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of the economic costs of climate change, whether reducing fossil fuel
combustion would avoid other (nonclimate) air pollution damages,
and whether “joint implementation” such as international emissions
trading options are available, in addition to how the carbon tax or
emissions permit auction revenues are recycled into the economy.
This strong ﬁnding that even the sign of the effect of carbonreducing policies is uncertain has been replicated in subsequent work.
Krause et al. (2002) reviewed ﬁve major studies generated or relied on
by the United States government in addressing the question of the cost
to the economy of meeting the emissions reductions of the Kyoto Protocol.14 Krause and his collaborators found that while all of the studies
included some of the available policy instruments to meet the Kyoto
emissions reductions, none of the studies combined all these policies in
a least-cost integrated framework. The potential policies included a
carbon tax or permit auctions, market and institutional reforms and
technology programs, tax shifts, international allowance trading, and
enhancement of carbon sinks. In addition, none of the analyses
included the full range of beneﬁts from CO2 emissions reductions, such
as the monetized value of associated local air quality improvements.
The most pessimistic GDP impact estimated was a 4.2 percent loss in
the EIA scenario involving only a domestic carbon tax and no enhancement of sinks. (The least pessimistic EIA scenario, which included global
trading, sinks, and some tax shifting, showed a GDP loss of less than 1
percent.) On the other hand, the two “ﬁve lab” studies by the Interlaboratory Working Group showed slight GDP gains, primarily because
the market reforms and technology policies emphasized in those
studies moved the economy towards its production-possibilities frontier
(though neither of the ﬁve-lab studies achieved the full Kyoto target by
2010). The beneﬁt from a least-cost integrated approach to Kyoto is
shown in Figure 5.3. Combining international permit trading, tax shifts,
and the market, organizational, and institutional reforms outlined in
the ﬁve-lab studies results in a net GDP gain of approximately $57
billion (1997 dollars) in 2010. The most important component of this
gain is the efﬁciency enhancement representing movement towards the
production-possibilities frontier (the market reforms).
These results demonstrate that the outcome of economic analyses of
the impact of moderate GHG reductions in the United States depend
primarily on modeling assumptions (including deﬁnition of the system
boundaries, i.e., whether environmental beneﬁts are included in the
analysis). This robust result underscores the irony of the fact that while
a great deal of attention has been focused on uncertainties in the
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Figure 5.3 US cost and savings components of a least-cost Kyoto strategy with
global trading, 2010. Source: Krause et al. (2001)

physical science models of the dynamics of global warming, estimates
of the economic impact of various policy responses have been taken at
face value. In fact, the uncertainties inherent in the economic analyses
are much more serious – as noted above, the physical models are based
on theoretically consistent and experimentally conﬁrmed laws governing physical and chemical processes, while the economic models are
grounded primarily in the assumptions made by the modelers.

5.4 Conclusions and implications for policy
It would be going too far to claim that long-run energy/economic
models have no value just because they have little or no power to
predict the course of energy prices and demand. Long-term modeling
exercises can be valuable for providing a consistent framework in which
to work out the consequences of various scenarios. This kind of analysis is not the same thing as prediction, and the point that should be
emphasized is that its primary use should be to explore alternative
assumptions.
At the same time, the poor predictive performance of models of this
type indicates that considerable caution should be used in interpreting
the results of model runs. If technological change is the main driver of
economic change over the long run, it would be unwise to place too
much faith in models that represent technological change in only the
most stylized fashion (Sanstad 2000). If not only the magnitude, but
even the sign of the effect of a proposed policy depends on contestable
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model assumptions, then the results of the analysis need to be taken
with a very large grain of salt. Energy modeling in economics has a long
enough history that the match between forecasts and actual outcomes
can be compared. The result of such comparisons is not encouraging for
those who would invest economics with an aura of scientiﬁc precision.
This does not mean that economists should abandon the effort to gain
insight into the forces shaping the long run; it only means that they
must be conscious of the limits to their ability to do so.

6
Principles for the Future

The previous chapters have shown that by downplaying or ignoring the
issues of distribution, multiple equilibria, and dynamics, the economic
analysis of climate policy has missed (or mischaracterized) essential
aspects of the problem. Most analysis has concentrated on matters of
efﬁciency that are more suitable for small-scale environmental problems
(such as where to locate a landﬁll or what to do about pollution of a
river by an industrial plant) than for a global issue like climate change.
By implicitly taking the existing deﬁnitions and distribution of property rights for granted, policy advice has been skewed towards the status
quo. Some of the possibilities that are opened up by the creation of
climate rights or alternative evolutionary paths for the economy have
been ruled out arbitrarily, when they may actually offer the most
hopeful potential routes to climate stabilization.
The result of this modeling failure has been a bias against bold and
timely action, overestimation of the cost of emissions reductions, and
pervasive paralysis in the political debate. By treating technology as a
constraint on production, rather than as a dynamic process of innovation, the consequences of climate policy initiatives have been seen
almost entirely in terms of adverse trade-offs. By ignoring the wealth
effects associated with the creation of new climate rights (and from the
destructive consequences of large-scale climatic disruptions), the welfare
analysis of climate change has been couched almost exclusively in terms
of changes in ordinary GDP (sometimes with climate damages “monetized” at current prices). This means that the “costs” of climate change
have been estimated as marginal displacements of consumption or GDP.
The strong negative impact of the risk of climate disruption has been
systematically downplayed. No attention has been given to the potential constituencies who would favor climate policy activism.
153
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Nothing has been more destructive of progress and consensus in the
arena of international climate diplomacy than the focus on efﬁciency
to the exclusion of equity concerns. The United States in particular,
throughout the Kyoto negotiations and up to the very end of our meaningful participation when the Bush Administration repudiated the
treaty, clung obsessively to the need for “ﬂexibility mechanisms” such
as international trading of emissions rights as a precondition for our
involvement. The reason was a determination to lower the purported
costs of the policies through purchase of Russian “hot air,”1 taking
advantage of low-cost emissions reduction opportunities in developing
countries, and counting enhanced carbon sinks as part of the national
emissions reductions. US government analyses consistently placed great
store in the cost-reducing possibilities of international trading of emissions rights, even though more comprehensive calculations show that
a determined domestic emissions reduction strategy could achieve the
Kyoto target at no net loss to the economy (Krause et al. 2002).
Of course, attempting to negotiate the devilish details of the ﬂexibility mechanisms created a nightmare of complexity. Questions of reporting, compliance, and enforcement loomed large. As the developed
country representatives attempted to work out an acceptable set of rules,
the developing countries remained largely outside the process. The
developing countries were determined to address the equity issues
involved in setting current and future emissions targets. They also
wanted to guarantee the kinds of technology transfers and capital ﬂows
that would forestall any conﬂict between climate protection and their
own economic growth.2 While the United States, driven by its insistence
on economic efﬁciency, demanded international permit trading regardless of what the emissions targets might be, the developing countries
focused on how to rectify the large historical discrepancies in cumulative emissions resulting from the fact sustained economic growth had
begun much earlier in the developed countries. “Meaningful participation by developing countries” in a Kyoto-like emissions reduction
scheme was thus subject to conﬂicting interpretations: the rich countries rightly saw that without full global participation, any climate
protection program was ultimately doomed to fail over the long run.
In opposition, the developing countries feared institutionalization of
something like current emissions levels (or ratios) that would condemn
them to permanent economic inferiority because of the advantages the
rich countries had derived from their historic reliance on fossil fuels to
power the industrial revolution.
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The preoccupation with efﬁciency by the United States was an
example of the bias created by taking existing deﬁnitions of property
rights for granted. Ignoring the wealth creation and destruction that
must accompany any meaningful change in the pattern and cost of
fossil fuel use (or perhaps more accurately, addressing the distributional
issues only indirectly rather than openly and transparently), the US
position sowed seeds of suspicion and distrust that plagued the negotiations from the start. A per capita based assignment of property rights
in carbon emissions would have immediately created a powerful constituency for a climate protection regime in the developing countries,
because their populations would have received the largest share of the
carbon rights. If such an equity foundation had been laid, the rich countries would have faced cooperation rather than opposition from the
developing world, and would have been free to move ahead in the
design of efﬁcient market mechanisms based on a distribution of carbon
rights that would command support of the poorer countries. Such an
assignment of climate rights would entail a substantial transfer of
wealth from the developed to the developing world, but it is entirely
possible that the citizens of the rich countries would be willing to accept
such a transfer (and the accompanying changes in their energy use patterns) if they felt that the policies were actually going to be effective in
solving the climate and development problems over the long run.3
Kyoto did not resolve these tensions. Although the emissions reductions called for by the treaty were signiﬁcant (for the United States, 7
percent below 1990 levels as of 2008–12 would have amounted to
roughly a 30 percent reduction in emissions from the business-as-usual
baseline), they are far short of what will be required to avoid “dangerous anthropogenic interference with the climate system” (the phrase
from the text of the 1992 United Nations Framework Convention on
Climate Change).4 Yet even Kyoto’s ﬁrst steps could not be achieved
without signiﬁcant policy initiatives including a carbon tax or emissions
permit system. While the setting of emissions standards through international negotiations could be interpreted as a partial “loss of sovereignty,” the new property rights implicitly created by such a process
could be part of a larger consensus solution to the climate problem.
Rather than seeking short-term national advantage in lawyerly fashion,
the United States could have taken the lead to reach international agreement based on the creation of new climate rights.
It should have been acknowledged from the outset that the creation
of these rights would have a signiﬁcant (but not overwhelming) effect
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on personal and national wealth. The redistribution would not necessarily have a permanent effect on any nation’s or region’s prosperity,
however. If there is sufﬁcient intergenerational economic and social
mobility, the consequences of any initial distribution of property die
out over time through the normal working of the market process. The
voluntary market exchanges that take place in a dynamic economy
guarantee that the future pattern of wealth ownership is almost entirely
independent of the initial distribution (DeCanio 1992). The proper role
of the market is to decentralize decision-making as much as possible
given a suitable deﬁnition of property rights. When a new problem such
as anthropogenic climate change develops, it is appropriate to extend
the scope of property rights to bring the externality under control. Efﬁciency gains realized through markets then have an important role in
maintaining economic growth and vitality. However, it is a distortion
of the virtues of the market economy to argue that a status quo based
on an incomplete set of property rights is somehow “optimal” or that to
protect the environment necessarily involves economic losses.
It is also the case that creation of new climate rights would enable
the political process to “manage inequality” in a relatively benign
fashion. Redistribution can turn ugly, especially when currently deﬁned
rights are taken away from some and given to others in a coercive zerosum fashion. In contrast, the creation of new rights offers the opportunity to associate the inevitable redistributions with a higher social
purpose – in this case stabilization of the climate. The climate problem
has to be solved if humanity is to survive in the long run; it is also the
case that sustainable development and the elimination of mass poverty
are required if the future is to be stable and peaceful. Either of these
twin necessities would in itself justify a fresh look at property rights
assignments.5 An intelligent policy of climate rights creation could
address both problems at once.6 In any event, it is futile to adhere to
the ﬁction that doing nothing is the conservative course – inaction
redistributes rights as surely as conscious action, as the damages of
climate change and risks of climate catastrophe make themselves felt.
The preceding chapters have shown how assignment of climate rights
affects all aspects of the economic system, including interest rates. If we
are to avoid the moral arrogance of selecting the present as the preferred
temporal vantage point, it is also clear from the simple models worked
out earlier that some kind of ethical system balancing the beneﬁts and
obligations of different generations is required. Neither the market
system nor democratic majoritarianism offers a ready-made solution.
Rules based on deeper notions of intergenerational justice are necessary.
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The development of such principles is the subject of a different study,
although it seems plausible that ideas such as the Golden Rule would
occupy a central place in such an endeavor.7
In much the same way that equity and efﬁciency cannot be disentangled, so it is with economic dynamics and the progress of technology. We have seen that neither the modern theory of the ﬁrm, the
evidence on intra-industry heterogeneity, nor the logic of evolutionary
models supports the representation of production by the “proﬁt maximization subject to a production function” model. Standard general
equilibrium models do not embed a coherent dynamic story, so taking
dynamics as the starting point for the modeling of production would
result in no loss of information but would have the potential for signiﬁcant gains in realism.
An important consequence of the results developed in the previous
chapters is that claims to be able to estimate precisely the “costs” of
climate protection policies must be abandoned. If ﬁrms are not on a
well-deﬁned production-possibilities frontier, and if the dynamics of
technological progress are only imperfectly understood, then any hope
of exact calculation of the costs of alternative policies vanishes. Unconventional policies, such as voluntary pollution-reduction programs,
government–industry partnerships, and internally generated corporate
“greening” campaigns can be effective. At the same time, the effects of
a carbon emissions price increase – substitution in favor of less carbonintensive products, the accelerated development of energy-efﬁciency
technologies, and the promotion of market and institutional reforms
that improve productivity in multiple dimensions – cannot easily be
disentangled.
A corollary is that it is fruitless to attempt to determine the “optimal”
carbon tax. If neither the costs nor the beneﬁts can be known with any
precision, just about the only thing that can be said with certainty about
the welfare-maximizing price of carbon emissions is that it is greater
than zero. Economists have a great deal to say about how to implement
such a tax efﬁciently and effectively, about the similarities and differences between a tax and a system of tradable carbon emissions permits,
and about the best way to recycle the revenue from such a tax or permit
system. And, as we have seen above, the distributional consequences of
such a tax or permit auction plan will affect other economic variables
through system-wide feedbacks. However, any attempt to specify the
exact level of the “optimal” tax is less an exercise in scientiﬁc calculation than a manifestation of the analyst’s willingness to step beyond
the limits of established economic knowledge.

158 Economic Models of Climate Change

Despite the limitations of their models, economists have been willing
to play a central role in the policy discussion, and there is no doubt that
they have had a great deal of inﬂuence on the debate. Power is seductive; susceptibility to its attractions is not evidence that economists as
a group are more self-promoting or venal than natural scientists or other
social scientists.8 Instead, the failure of economics derives from a kind
of hubris on the part of the profession. The technical achievements of
economics, particularly of mathematical general equilibrium theory,
have engendered an attitude of superiority vis-à-vis other disciplines.
More seriously, the limitations and unanswered questions that lie at the
heart of general equilibrium theory have been ignored in the drive to
provide answers that can carry political weight.
In fairness, it is difﬁcult to imagine what a true social science would
look like if it were not based on some simple unifying principles. The
danger, however, is in settling on abstractions that leave out essential
features of the social process. By reducing human behavior to axiomatically deﬁned rationality and maximization, it is possible to confuse real
economic problems with purely mathematical ones. Models can always
be set up in such a way as to be analytically tractable, whether or
not mathematical convenience is a feature of the economic reality the
models are intended to represent. The ability to solve mathematical
puzzles, while requiring a great deal of ingenuity and high-powered
intellectual skills, conveys a sense of power and accomplishment that
is easily mistaken for real wisdom. Thus, economists can slip into the
mode of offering advice and policy prescriptions on the basis of the
results of their models, even though the models do not adequately
capture the key features of the social world.
It is perhaps understandable that economists desire to emulate the
natural scientists by seeking sparse and elegant mathematical descriptions of the social system. Unfortunately, this quest has so far proven
to be futile. As discussed in the previous chapters, it has been known
for some time within economics that the most parsimonious representations of rationality do not provide sufﬁcient restrictions on the
behavior of aggregates of diverse individuals to determine a unique
equilibrium. There are limits on what economics can say, given only
the requirements of formal rationality. By disregarding these limits in
carrying out climate policy analysis based on neoclassical general equilibrium theory, economists have constructed an imposing structure on
unsound foundations. While the ediﬁce has the trappings and appearance of scientiﬁc rigor, its “results” are in fact derived in large part from
unveriﬁed or untrue assumptions.
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Despite its limitations, economics can make an important contribution to the formation and implementation of a climate policy that treats
all people and all generations fairly. Just because general equilibrium
models cannot provide the kind of precise guidance that politicians
wish for, it does not follow that economics appropriately conceived is
devoid of useful insights. Before Kyoto, at least, there was actually quite
a high degree of consensus about climate policy among a wide range of
economists. The Economists’ Statement on Climate Change of early
1997 reﬂected this consensus – it called for action on the problem, international cooperation, and use of market mechanisms to implement regulatory action. It noted that responsible policies would not harm the
US standard of living and might even “improve US productivity in the
longer run.”9 Economists understand the power of compound growth,
and realize that even if policies to reduce GHG emissions reductions
were to reduce GDP by 1 percent below a business-as-usual baseline
permanently, this would only cause a delay of approximately six
months in achieving any given level of per capita income (based on
the economy’s historical annual real per capita growth rate of around
2 percent).
The advice offered by the Economists’ Statement on Climate Change
is quite broad and vague as to speciﬁcs. Practical policies have to be
more explicit about just what carbon tax rate would be enacted, exactly
what would be done with the revenues, how much and what kinds of
R&D would be subsidized, and so forth. Economists have much to say
about such issues. There should be nothing surprising about this – economics began as “political economy,” after all, and part of its purpose
always has been to inform policy. And because so much of what passes
for “economic policy” generated by politicians and special interest
groups is so stupid and misguided, economists have good reason to feel
superior. (Think about rent controls, protectionist trade barriers, and
poorly drawn regulations.)10
These considerations do not give economists carte blanche to say
what should or should not be done to protect the global environment,
however. Some of the models being used for climate policy work evolved
from the energy/economic models developed in the 1970s in response
to the oil price shocks. It is not at all clear that the framework appropriate for analyzing the earlier problem is well-suited for the current
situation. The climate problem hinges on issues that are very poorly
handled by conventional energy economics – matters of distributional
equity, nonmarket environmental quality, intergenerational fairness,
and the internal workings of ﬁrms. Instead of relying on ﬂawed general
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equilibrium models to point the way, we could start from a speciﬁcation of the characteristics of the future (or potential futures) we wish to
bequeath to our successors and work backwards.11 Economics has much
to contribute to policies that can bring about a desirable future. From
the arithmetic identity that points to the need for decarbonization (and
more generally, dematerialization) of production12 to the design of incentives that actually can bring about intended outcomes, economic
knowledge and insight should be an integral part of the policy process.
At the most fundamental level, however, while economics can offer
insight it does not provide solutions. An ethical foundation for climate
policy must be established that recognizes the rights and obligations of
all generations. This foundation has to recognize that not all affected
parties are able to participate in either the market or the political
process. A majority of those whose lives will be affected by the future
climate are disfranchised because they do not yet exist. They possess no
present-day economic power, and have no way of expressing their preferences in a tangible way. The only way to protect persons living in the
future is through some kind of Intergenerational Constitution that
spells out their rights, a Constitution that the present generation is committed to abiding by. Of course, it is always possible that we who are
alive today will forsake our duty, and will make choices reﬂecting an
attitude of domination over the world and the future rather than a sense
of stewardship. The present generation always has the power to disregard the well-being of future generations or, for that matter, those who
are powerless in the present day. This kind of power is an intrinsic
element of human freedom, and the potential for its misuse is part of
the tragedy of the human condition. Nevertheless, we have a responsibility to use our power wisely, in the hope that those who follow us will
remember us with affection and honor rather than with an astonished
dismay at our folly.

Notes

1 An Overview of the Issues
1. The IPCC was jointly established in 1988 by the World Meteorological
Organization (WMO) and the United Nations Environment Programme
(UNEP). It draws on the work of hundreds of experts from all regions of the
world in presenting reports to the parties engaged in negotiations under the
United Nations Framework Convention on Climate Change (UNFCCC), and
represents the mainstream scientiﬁc consensus (or range of opinion where
there is no consensus) on climate issues. The IPCC has produced to date
three Assessment Reports (1990, 1995, and 2001) covering all aspects of
climate change.
2. In the terminology of Working Group I of the IPCC, “very high conﬁdence”
means having a probability of 95 percent or more.
3. It should be noted that the statement in the preceding quotation that
climate change will affect human welfare “positively and negatively” is based
on the ﬁndings of some studies estimating that segments of the populations of certain countries might beneﬁt from limited climate change.
4. Partial equilibrium analysis usually involves examination of only one market
in isolation. The supply and demand curves of introductory economics
courses are the icons of this approach.
5. Examples of climate policies analyzed include measures such as a tax on
carbon emissions, a system of tradable emissions permits, or incentives to
promote technical change to increase energy efﬁciency.
6. A ﬁne historical overview is given by Ingrao and Israel (1990).
7. It is an open philosophical question why mathematical models work so well
in the physical sciences. It can be argued that mathematics somehow corresponds to the nature of physical reality, or that logical thought evolved in
conformity with physical reality because such thinking would have survival
value. However, this view just pushes the question back a level – why should
what has survival value to creatures operating on human-sized scales have
applicability to the motions of planets and stars, or to the structure of invisible realms at the atomic level that can only indirectly be perceived by
humans? It is clear that the current frontiers of physics – the paradoxes of
quantum theory, the higher dimensions of string theory, and the outlines
of alternative grand uniﬁcation schemes – are so far from our ordinary experience that the concepts can only be formulated in abstract mathematical
terms. For a classic discussion of the mystery of the effectiveness of mathematics in explaining physical phenomena, see Wigner (1960). As he puts it,
“[t]he miracle of the appropriateness of the language of mathematics for the
formulation of the laws of physics is a wonderful gift which we neither
understand nor deserve. We should be grateful for it and hope that it will
remain valid in future research and that it will extend, for better or for worse,
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to our pleasure, even though perhaps also to our bafﬂement, to wide
branches of learning.” It has also been suggested that the success of
mathematics in the natural sciences is partly the result of focusing only
on those phenomena that can be described using traditional mathematical
methods (see Wolfram 2002).
8. As Krugman says,
academic economics . . . [is] a primitive science, of course. If you want a
parallel, think of medicine at the turn of the [19th] century. Medical
researchers had, by that time, accumulated a great deal of information
about the human body and its workings, and were capable of giving some
critically useful advice about how to avoid disease. They could not,
however, cure very much. Indeed, the doctor/essayist Lewis Thomas tells
us that the most important lesson from medical research up to that time
had been to leave diseases alone – to stop the traditional “cures,” like
bleeding, that actually hurt the patients.
(1995, p. 9)
9. Strictly speaking, an “integrated assessment” model would have fully developed atmospheric, geophysical, and biological components coupled to
socioeconomic components tracking population, emissions, and policy variables. In actuality, the general equilibrium models used for policy analysis
are almost exclusively economic models, with the climate components included in only the most stylized way (through a “damage function” based
on average surface temperature, for example). The term “integrated assessment” will be used to describe the models treated in this book, with the
understanding that what is being discussed is the economic modeling and
not the physical science side.
10. A “Pareto optimum” is an allocation of goods and services such that no individual’s material situation (or welfare) can be improved without worsening
the situation of at least one other person. Movements towards a Pareto
optimum can, at least in principle, command social unanimity; movements
away from a Pareto optimum cannot.
11. The modeling philosophy that will be carried throughout the following
chapters is that the value of models is to illustrate arguments clearly and
sharply. The models are not intended to be “descriptive” or all-inclusive.
Indeed, one of the points that will be made again and again is that fully
descriptive modeling is beyond the capacity of economics at the present
time. There is also a difference between using models to claim to describe
what does happen and using them to show what might happen. The former
is the style of much current applied economics, including the general equilibrium climate policy models. The latter is what will be pursued in this book.
12. An interesting current example has to do with the nature of the Social Security entitlement. The Social Security Trust Fund has purchased trillions of
dollars worth of US Treasury securities during the years it has been running
a surplus. These purchases have enabled the federal government to have
higher expenditures and lower taxes that would have been possible if the
Social Security Administration had not been buying the Treasury bonds. At
some point in the future, however, annual payroll tax receipts will no longer
exceed Social Security payouts, and the Social Security system will have to
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draw on ﬁrst the interest, then the principal, of its Treasury bond holdings
to meet the Social Security entitlements. The government could, of course,
repudiate the bonds and declare that the entitlement was reduced. This
might be politically very difﬁcult, and it might fairly be described as immoral, but it is possible because of the sovereignty of the State.

2 The Representation of Consumers’ Preferences and
Market Demand
1. Competitive behavior also may diverge from economic rationality. A particularly striking example of this is the “Dollar Auction Game” ﬁrst described
by Martin Shubik (1971) and elaborated by Mérö (1998). In this game, a
dollar is auctioned to the highest bidder, with the proviso that the secondhighest bidder must also pay the auctioneer the amount that he bid. In both
casual and formal experimental settings, the “winning” bid is typically considerably higher than $1.00. Shubik reported that in social settings, the
average paid for the dollar was $3.40. Competitiveness, emotion, and a desire
not to be made a fool of drive the bids considerably above the “economic”
value of the dollar.
2. Ethical questions aside, Lane (2001) brings together research from a number
of ﬁelds to make the case that once people are above the poverty level, additional income has little to do with happiness and that friendship and a
good family life are the main sources of well-being in advanced economies.
It is well-established that average reported levels of subjective happiness in
a given country do not change very much as aggregate per capita income
grows over time, although subjective happiness scores are positively related to income at a given point in time. See the survey by Frey and Stutzer
(2002).
3. Indeed, this feature, coupled with the empirically testable notion that a
market system free of discrimination will eventually lead to a distribution of
wealth independent of the “initial conditions” (even an unjust “original”
wealth distribution based on conquest), is the strongest argument for the
justice of the market system. See DeCanio (1992) for a full discussion.
4. In particular, environmental externalities can be seen as arising from a lack
of property rights, or from the difﬁculty of their enforcement due to high
transactions costs. See Coase (1960), Dahlman (1979), Macaulay and Yandle
(1977), and Dales (1968).
5. The idea that emissions rights should inhere primarily in the population as
a whole has even been embodied in proposed legislation: the Clean Power
Act that would reduce emissions of four major power plant pollutants including CO2. The Clean Power Act as of June 2002 had 22 Senate and 128 House
cosponsors (NRDC 2002).
6. To read an encompassing critique of CBA as it is currently practiced, see
Heinzerling and Ackerman (2002).
7. Some economists have attempted to develop a theory of “rational addiction” to explain widespread destructive phenomena such as cigarette
smoking and illegal drug use (e.g., Becker and Murphy 1988, Dockner and
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8.
9.

10.

11.

12.

13.

14.

Feichtinger 1993). Needless to say, this theory relies on a highly contestable
concept of “rationality.”
It is interesting that smokers on average have an unrealistically high estimate
of their odds of dying from the effects of smoking (Viscusi 1991).
See Haddad and Howarth (forthcoming) and Diamond and Hausman (1994)
for a full discussion of these and other conceptual and empirical ﬂaws in the
CV methodology. Needless to say, the validity of the CV methodology is
hotly disputed. In addition to the Diamond and Hausman paper, the symposium on Contingent Valuation in the Autumn 1994 issue of the Journal of
Economic Perspectives contains a spirited defense of CV by Hanemann (1994)
and an overview by Portney (1994). In a recent contribution, Carson et al.
(2001) conclude that “many of the alleged problems with CV can be
resolved by careful study design and implementation” and that “claims
that empirical CV ﬁndings are theoretically inconsistent are not generally
supported by the literature” (p. 173). Consensus within economics on the
validity and limits of CV has yet to be reached.
Obviously, the political rules matter. Some revenue-raising measures may
require a supermajority (such as a two-thirds or three-fourths majority), and
some property rights may be relatively inviolable on constitutional grounds.
Efforts to impose the rational maximization paradigm in nonmarket areas,
such as the “economics of marriage and the family,” the “economics of
crime” (as well as the “economics of rational addiction”) overreach and tend
to confuse the fact that people respond to incentives with a full explanation
of behavior. The two are quite different.
As Popper showed many years ago, statements that are tautologically true
and therefore immune to empirical testing cannot constitute the foundation
of any science; truly scientiﬁc propositions must at least in principle be falsiﬁable (Popper 1968 [1934]).
This situation may be changing. Economists have begun to draw on and
contribute to the extensive literature that deals scientiﬁcally with human
actions that do not ﬁt the strict deﬁnition of economic rationality. See
Laitner et al. (2000) and the references cited therein, or the session of the
2000 Annual Meeting of the American Economic Association titled “Preferences, Behavior, and Welfare” that had papers devoted to “Emotions in
Economic Theory and Economic Behavior” (Loewenstein 2000) and also
“Thinking and Feeling” (Romer 2000). The National Bureau of Economic
Research currently has a Working Group on Behavioral Finance (NBER 2002).
The 2002 Nobel prize in economics was awarded in part for work in
behavioral economics. Whether or not this approach will ﬁnd its way into
integrated assessment modeling remains to be seen.
There have been some interesting efforts to derive the weakest set of
conditions on individual utility functions or the distribution of individual
characteristics that would imply well-behaved aggregate demand functions.
See, for example, Hildenbrand (1994), Härdle et al. (1991), Freixas and MasColell (1987), and Jerison (1982). This important work has had essentially
zero impact on the practice of integrated assessment climate modeling.
As will be shown below, the empirical studies on the way environmental
goods enter individuals’ preferences that would need to be done to bring to
bear on climate models the insights of the theorists remain undone, and
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15.

16.

17.

18.

may be impossible to carry out in the absence of property rights and markets
in the key environmental goods.
There is a correspondence between the axiomatic and utility function approaches, with major points of overlap and some minor technical differences. A detailed treatment is given by Mas-Colell et al. (1995).
See Ackerman (1998), Laitner et al. (2000), or Mas-Colell et al. (1995). Ingrao
and Israel (1990) place the development of these ideas in the context of the
history of economic (and scientiﬁc) thought on the subject of equilibrium.
The result that aggregate market demand curves can have virtually any shape
is usually referred to as the Sonnenschein–Mantel–Debreu theorem after the
theorists who wrote the pioneering papers.
Here is an indicative example: the handbook Applying General Equilibrium
(Shoven and Whalley 1998 [1992]), in the respected Cambridge Surveys of
Economic Literature series, makes no mention of “uniqueness” or “stability” in its index. The authors do allude to the fact that some numerical
methods for solving the systems of equations have convergence problems
(pp. 41–2), and they acknowledge that “[t]here are no guarantees that such
procedures [price adjustment processes in which prices are raised for commodities with positive excess demands and lowered for commodities with
excess supplies] will converge because the excess demand functions may
have local inﬂection points, changes in slope, or both . . . whence our need
for a more elaborate computational method of ﬁnding counterfactual equilibria” (p. 39). Whether or not “a more elaborate computational method of
ﬁnding . . . equilibria” has any correspondence to economic reality is not
examined. This point will be developed in the following section.
Analogous results can be obtained in models with production. Indeed, the
possibilities for multiple equilibria in economies with production may be
greater than in exchange economies. Timothy Kehoe (1985) says,
Unfortunately, the conditions required for uniqueness of equilibrium in
production economies appear to be more restrictive than those in pure
exchange economies. For example, it is well-known that, if either the
weak axiom of revealed preference or gross substitutability is satisﬁed by
the consumer [aggregate] excess demand function, then a pure exchange
economy has a unique equilibrium. This is not the case for an economy
with production.
(pp. 120–1)
Aside from their simplicity, there is an additional reason to restrict our
attention to exchange models rather than models involving production.
Intertemporal models with production typically focus on the choice between
saving and consumption. However, this makes the choices and opportunities of future generations contingent on the savings/consumption decisions
of the present generation, because the capital available to the future generations will depend on how much saving is undertaken by the present generation. If the analysis means to treat the generations in an ethically neutral
fashion (with no generation having an analytically preferred vantage point),
the endowments of each generation should be in some sense independent
of the choices and preferences of the others. This condition is most easily
represented in exchange models. Intertemporal models of this type will be
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developed more fully in Chapter 3. It should be noted that generalizations
of these ethically neutral exchange models are possible if the endowments
change over time exogenously, as is the case if “autonomous” technical
progress is providing the impetus for economic growth.
If the beneﬁt/cost ratio differs from one at the imputed price of the environmental goods, then the economy cannot be in equilibrium; the environmental policy has to be implemented until the ratios of marginal utility
to price are equalized across all goods (including the environmental goods).
The setup of this model economy will follow the example given by Kehoe
(1998). Kehoe illustrated multiple equilibria in an exchange economy with
only two agents and two goods; the examples developed subsequently in the
text are straightforward generalizations.
Obviously, there is nothing intrinsic about this assumption of an equal
number of agents and goods. It is adopted purely for expositional convenience.
It should be noted that in the real economy, not only do different pairs
(or combinations) of goods have different degrees of substitutability, but
those elasticities of substitution may change over time. The degree of substitutability between goods may also differ with the consumer’s income
level.
In the limit as bi Æ 0, the utility function of equation (2.1) becomes
ui = Sjaij log(xij). This can be seen by subtracting one from the numerator of
each of the summed terms in equation (2.1) (a monotonic transformation
of a utility function yields an equivalent utility function) and applying
L’Hospital’s rule to calculate the limit. In the Cobb–Douglas utility function
(ui = Pjxaijij), the elasticity of substitution between goods is one; in the Leontief
utility function (ui = min[(xi1/bi1), (xi2/bi2), . . . , (xin/bin)]), the elasticities of substitution are zero. Note that ui = Sjaij log(xij) is the same as Cobb–Douglas utility,
because the two utility functions differ only by a monotonic transformation
(in this case, taking logarithms of the Cobb–Douglas function).
Substitutes and complements can also be deﬁned in terms of the response
of the demand for one good to a change in the price of the other. That is,
if the demand function for (say) the ﬁrst good is given by h(p1, p2), then the
two goods are complements (at a particular pair of values of the prices) if
∂h(p1, p2)/∂p2 < 0; they are substitutes if ∂h(p1, p2)/∂p2 > 0. The partial derivative ∂h(p1, p2)/∂p2 can be converted into an elasticity by multiplying by
p2/h(p1, p2), and the resulting “cross-elasticity of demand” will have the same
sign as the partial derivative. To simplify both the mathematics and the
exposition, the models used in the text will be of the constant elasticity of
substitution type, so that the degree of substitutability of the commodities
depends exclusively on the bi parameters as in equation (2.3).
This normalization rule is adopted to facilitate the numerical search for equilibria. With the prices restricted to lie between zero and one, the starting
points for the numerical search for equilibria can be conﬁned to a welldeﬁned region. The substantive results are the same if a numeraire good is
selected and its price is set equal to one, because the relative prices are the
same in either case.
The general equilibrium system was solved numerically in Mathematica
(Wolfram 1999).
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27. For this exchange economy, GDP is Sjpj(Sixij) = Sjpj(Siwij). The constancy
of GDP follows from the symmetry of the endowments (so that Siwij is
the same for all j) and the fact that the prices are normalized to sum to
one.
28. Note that with ﬁve agents, the Gini for the most extreme degree of inequality (all the income accruing to a single agent) is 0.8.
29. The fact that the equilibria of a competitive market economy are Pareto
optima is just the ﬁrst fundamental welfare theorem. As noted earlier, it
requires an absence of externalities, perfect information, no collusion, and
the other standard assumptions of the competitive general equilibrium
model.
30. This is essentially the same as the instability of prototypical zero-sum game
of “Couples” discussed by Riker and Ordeshook (1973). In real politics, other
preferences not reﬂected in the model may determine which majority coalition actually is formed.
31. Kehoe (1998) shows how the index theorem can be used to derive necessary
and sufﬁcient conditions for the uniqueness. See also note 39.
32. In this case Newton’s method exhibited convergence problems from some
starting points. It is possible that there are more equilibria in this economy,
but for many different initial price vectors Newton’s method did not converge, even after thousands of iterations.
33. For purely mathematical reasons, the number of equilibria must always be
odd. See Dierker (1972).
34. In particular, Mathematica’s FindRoot procedure was used with different
starting points. In this application (in which formulas for the derivatives
of the equations being solved simultaneously can be calculated explicitly),
FindRoot uses Newton’s method or the secant method (Wolfram 1999,
pp. 919–22).
35. Exceptions, such as the Goulder–Schneider model (1999), rely on ad hoc
adjustment processes that are akin to the tâtonnement that will be described
presently.
36. Considerable effort from the time of Walras and Marshall onward (see Ingrao
and Israel 1990) has been expended to develop dynamic theories that are
consistent with the equilibrium model. Despite all the good work that has
been done, Fisher’s assessment (1989) indicates how much remains: “[W]e
have no rigorous basis for believing that equilibria can be achieved or maintained if disturbed. . . . [T]here is no disguising the fact that this is a major
lacuna in economic analysis” (p. 36), and “[N]ew modes of analysis are
needed if equilibrium economic theory is to have a satisfactory foundation”
(p. 42).
37. According to Hahn (1989), the Walrasian “auctioneer” calls out hypothetical
prices in one market at a time and adjusts them according to the excess
demand. When equilibrium is reached in one market, the auctioneer moves
on to the next market. Interestingly, Fisher, in the same New Palgrave volume
(1989), states that “[t]he question of who adjusts prices . . . is typically left
unanswered or put aside with a reference to a ﬁctitious Walrasian ‘auctioneer’. That character does not appear in Walras (who did have prices
adjusting to excess demands) but may have been invented by Schumpeter
in lectures and introduced into the literature by Samuelson . . .” (p. 37).
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38. Herings (1998) offers a more optimistic assessment of the success of the effort
to relate computational algorithms with nice convergence properties to
actual economic adjustment processes.
39. Kehoe (1998) describes a regular economy as follows:
First, a regular economy has a ﬁnite number of equilibria. . . . Second,
each equilibrium of a regular economy varies continuously with the
underlying characteristics of the economy. Third, in the set of all possible economies given an appropriate topological structure, almost all
economies are regular. Fourth, we can use a ﬁxed point index theorem
to develop necessary and sufﬁcient conditions for uniqueness of equilibria of regular economies.
(pp. 47–8)
40. See Ebert (2001) for a discussion of the kinds of severe and restrictive
assumptions that have to be made to evaluate preferences for a nonmarket good even if the demand system for the other goods is known. As
Ebert says,
it is generally impossible to recover the underlying (unconditional)
preference ordering over commodity bundles containing the private
goods and the nonmarket good. In particular, neither the total nor the
marginal willingness to pay for the nonmarket good can be inferred
from these data since there is always an inﬁnite variety of unconditional
preference orderings implying the behavior observed.
(p. 374)

3 The Treatment of Time
1. “For a full coupled atmosphere/ocean GCM [General Circulation Model],
. . . the heat exchange with the deep ocean delays equilibration and several millennia, rather than several decades, are required to attain it” (IPCC
2001a, p. 533).
2. The calculation is based on a present-day world GDP of $30 trillion and
population of 6 billion. The present value of the world income stream
from a point t in the future is given by
NPV =

•

Â
t =t

t

GDP0 (1 + g )
t

(1 + r )

t

1+ g ˆ Ê 1+ r ˆ
= GDP0 Ê
Ë 1+ r ¯ Ë r - g ¯

where GDP0 is world GDP today, g is the assumed growth rate of world GDP,
and r is the assumed market rate of interest, provided r > g. But can there be
circumstances under which r is less than or equal to g? In such cases, the
NPV does not converge.
3. For further discussion, see Arrow (1999) and Koopmans (1960, 1965).
4. According to the discounted utility formulation, an individual’s subjective
time rate of discount d is determined by the relationship x = (1 + d)t, where
the individual would be indifferent between $1 in consumption today and
$x of consumption at time t in the future. (The continuous-time version of
the same formula is x = edt.)
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5. Among the anomalies demonstrating the inadequacies of the DU model as
a descriptive model of behavior are hyperbolic discounting (the tendency of
implicit discount rates over long horizons to be lower than the implicit discount rate over short horizons), the “sign effect” (gains are discounted more
than losses), the “magnitude effect” (small outcomes are discounted more
than large ones), the “delay–speedup” asymmetry (respondents demand
more to expedite payment than they would pay to delay it), the preference
for improving sequences, and violations of independence and preference for
spread (Frederick et al. 2002).
6. The non-participation of people living in the future is the main reason
Broome (1992) rejects “discounting at the consumer interest rate.”
7. A concise summary of Arrow–Debreu general equilibrium theory is Geanakoplos (1989a).
8. The phrase was introduced by Graciela Chichilnisky. See her article characterizing sustainable development axiomatically (1997).
9. This elasticity of the marginal utility of consumption is deﬁned as a =
-(c/u¢(c))(du¢(c)/dc), where u is the utility function and c is consumption in
any given time period so that u = (a/b)cb.
10. Alternatively, the derivations could be carried out in continuous time.
11. The quotation is speciﬁcally in reference to the point that equilibrium values
computed depend as much on numerical technology (solution algorithm)
as on the starting point.
12. In the real world, of course, these substitution parameters would all be different – across goods, time periods, and individuals. The assumption that
they are all the same is retained here because the purpose of the model is
illustrative, rather than attempting to replicate reality. But note the empirical burden of any modeler who would purport to present a “realistic” model
that captures all the key features of the economy.
13. Appropriate scaling can reduce the number of parameters in this case to 13.
14. A richer model could be constructed in which the endowments change over
time.
15. This value is from Auerbach and Kotlikoff (1987).
16. Think of individuals beginning their economic lives at 21 and living into
their eighties.
17. Kehoe and Levine (1990) derived analogous results.
18. The (arbitrarily chosen) parameters for this 2 ¥ 2 ¥ 2 Cobb–Douglas example
are: a11 = 3, a12 = 1, a13 = 1, a14 = 1, a21 = 2, a22 = 1, a23 = 2, a24 = 1, w10 = 60,
w11 = 70, w20 = 5, w21 = 10, e10 = 60, e11 = 5, e20 = 5, e21 = 5, and l = 0.5.
19. The parameters of this utility function are: b = -4, a11 = 512, a12 = 1, a13 =
512, a14 = 1, a21 = 1, a22 = 512, a23 = 1, a24 = 512, w10 = 60, w11 = 5, w20 = 5,
w21 = 60, e10 = 60, e11 = 5, e20 = 5, e21 = 60. The speed of adjustment l = 0.5.
Because of the particular parameters of this utility function, the equilibrium
ratio of the price of the environmental good to the ordinary good is always
1. The numerical search for equilibrium in each period has two potential
starting points, b = 0.1 or b = 1.1. (The starting value of f is 0.9 in either
case.) The probability of picking the ﬁrst of the two starting points is 0.7;
the probability of picking the second starting point is 0.3. These parameters
are not meant to be “realistic”; they are illustrative of what can happen in
the OLG model with multiple steady states.
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20. Newton’s method as implemented by the FindRoot command in Mathematica.
21. There are other ways of avoiding an inﬁnite sum. Growth models can be set
up in which savings are determined by some ﬁxed rule, such as being a constant fraction of output. In that case, a savings rate can be determined that
maximizes steady-state consumption at each point in time. This steady-state
path is referred to as the “Golden Rule” growth path because it corresponds
to the path with the highest sustainable per capita consumption. Other paths
could exhibit higher per capita consumption for early generations only at
the expense of the standard of living of the later generations, hence the
moral connotations of the “Golden Rule” path. See Solow (1970).
22. Mathematically, let ui(xi1, xi2, . . . , xin) be individual i’s utility function, where
xij is the consumption of good j by individual i, and suppose g[◊] is any function such that g > 0 and g¢ > 0. The individual’s demand functions will be
identical whether u or g[u] is used as the utility function; that is, all the
empirical implications of utility maximization are the same whether u or
g[u] is maximized. The basic reason is that the ﬁrst-order conditions for
utility maximization are that the ratios of marginal utilities be equal to the
corresponding price ratios. By the chain rule,
∂ g[ui ( xi1, xi2 , . . . , xin )] ∂ xij
∂ g[ui ( xi1, xi2 , . . . , xin )] ∂ xik

=

g ¢[ui ](∂ ui ∂ xij )

g ¢[ui ](∂ ui ∂ xik )

=

∂ ui ∂ xij
∂ ui ∂ xik

=

pj
pk

23. See Cooter and Rappoport (1984), who argue that the “the ordinalist revolution [of the 1930s] represented a change, not progress in economics”
(p. 508).
24. The result of maximization of (3.35) is invariant under positive linear transformations of the utility function, but not under arbitrary positive monotonic transformations. See Barro and Sala-i-Martin (1995) and Koopmans
(1965).
25. It needs to be kept in mind that various transformations of the same underlying parameter have different names. As noted earlier, the elasticity of the
marginal utility of consumption is the inverse of the intertemporal elasticity of substitution for CES utility functions of the type being considered
here.
26. The coefﬁcient of relative risk aversion (usually designated by a) in the CES
utility function is equal to 1 - b, so it is the inverse of the intertemporal elasticity of substitution for these utility functions.
27. In Kocherlakota’s words, “for any such [value of the coefﬁcient of relative
risk aversion less than 8.5], the representative agent can gain at the margin
by borrowing at the Treasury bill rate and investing in stocks” (1996, p. 49,
footnote omitted). Kocherlakota goes on to argue that while “some economists” believe there is no equity premium puzzle (because “individuals are
more risk averse than we thought”), a “vast majority of economists believe
that values for a above ten (or, for that matter, above ﬁve) imply highly
implausible behavior on the part of individuals.” At the same time,
Kocherlakota cites Kandel and Stambaugh (1991) who show that “even
values of a as high as 30 imply quite reasonable behavior when the bet
involves a maximal potential loss of around one percent of the gambler’s
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wealth” (1996, p. 52). Needless to say, the debate on the equity premium
puzzle is still very much open. It is a leading example of a major empirical
anomaly that the economics profession has not been able to resolve despite
nearly two decades of intensive controversy and investigation.
28. Barsky et al. (1997) also found no relationship between the elasticity of
intertemporal substitution and risk tolerance (the inverse of the coefﬁcient
of relative risk aversion) in their sample. Of course, the relationship between
the two parameters depends on the form of the utility function, which is
unknown.
29. The crucial importance of what kind of assumptions are made about the
substitutability or complementarity of environmental goods (or natural
capital) and marketed goods (or produced capital) has been demonstrated by
Neumayer (1999). He argues that substitutability is more fundamental than
the discounting for integrated assessment, and that “there is hardly any reliable empirical evidence” (p. 40) on the substitutability between ordinary consumption and environmental goods in people’s utility functions.

4 The Representation of Production
1. As pointed out in Chapter 2, this does not mean that the multiple equilibria cannot exist in models with production.
2. For statement of the Porter hypothesis, see Porter (1991) and Porter and van
der Linde (1995a, b). For a clear presentation of the conventional objections,
see Palmer et al. (1995). For a recent model showing how Porter-type results
may emerge in a richer model of production, see DeCanio et al. (2001a).
3. Coase (1937) raised the question of why we observe ﬁrms rather than
markets mediating all transactions. This basic question has led to an extensive and productive intellectual exploration. See Alchian and Woodward
(1988) for a review.
4. In some of the models, a linear programming framework is employed instead
of the production function representation. The same arguments being made
in the text apply.
5. Even in this extreme case, it is possible that individual members of the ﬁrm
gain more from “resume-building” activities that are not particularly helpful
to the organization than they would from devoting themselves wholeheartedly to the organization’s well-being. The Wall Street Journal reported that
even some employees laid off by the Enron bankruptcy felt good about their
Enron experience. As one former employee put it, “I was well trained at
Enron and I’ll land on my feet” (Barrionuevo 2001).
6. This author’s own contributions include DeCanio (1993, 1994a, b, c, 1998,
2000b), which also contain numerous references to the wider literature.
7. For a survey of antecedents, see Williamson (1964). A biblical example is the
Parable of the Wily Manager:
A rich man had a manager who was reported to him for dissipating his
property. He summoned him and said, “What is this I hear about you?
Give me an account of your service, for it is about to come to an end.”
The manager thought to himself, “What shall I do next? My employer is
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sure to dismiss me. I cannot dig ditches. I am ashamed to go begging. I
have it! Here is a way to make sure that people will take me into their
homes when I am let go.”
So he called in each of his master’s debtors, and said to the ﬁrst, “How
much do you owe my master?” The man replied, “A hundred jars of oil.”
The manager said, “Take your invoice, sit down quickly, and make it
ﬁfty.” Then he said to a second, “How much do you owe?” The answer
came, “A hundred measures of wheat,” and the manager said, “Take your
invoice and make it eighty.”
The owner then gave his devious employee credit for being enterprising! Why? Because the worldly take more initiative than the otherworldly when it comes to dealing with their own kind.
(The New American Bible 1970, Luke 16: 1–8)
8. Appeal to an evolutionary argument that the ﬁrm will act “as if” it were maximizing proﬁts is insufﬁcient; the “as if” argument ﬁrst proposed by Friedman (1953) has been shown to rest on a number of strong and nonestablished subsidiary hypotheses (Laitner et al. 2000). See below (section
4.4) for a discussion of what a real evolutionary dynamic might yield.
9. This will hold for any kind of “classical” computer (i.e., one equivalent
to a Turing machine). It is one of the outstanding problems of mathematics to show whether no such algorithm exists – or that one just has
not been discovered yet. This “P vs NP” problem is one of the seven
problems for which the Clay Mathematics Institute has offered a $1
million prize for a valid solution. (Details and conditions are given at
www.claymath.org/prizeproblems/index.htm.) Also, while quantum computers can in principle solve some problems that are intractable for classical
computers (such as factorization of large integers), it is not known whether
a quantum computer could solve problems in the NP-complete class in polynomial time (Shor 1997).
10. Formal computational complexity theory is not required to arrive at the
ubiquity of bounded rationality in economics and other realms of human
activity, of course. Herbert Simon did the pioneering work for which he won
the Nobel prize without reference to it. See Conlisk (1996) for a comprehensive review of Simon’s and subsequent work on bounded rationality.
11. Leibenstein (1966). These papers through 1989 have been collected in
Button (1989), but Leibenstein continued to explore the issues through the
1990s (Leibenstein and Maital 1992, 1994).
12. This bibliography excludes working papers and technical reports.
13. Førsund (1999) contains a discussion of the methodologies.
14. See Karpoff and Malatesta (1989) and the literature they cite; also Schranz
(1993). There are, however, economists who doubt that antitakeover legislation has any effect on shareholder wealth (Pugh and Jahera 1990). Harris
(1990) argues from agency theory that the shareholders of takeover targets
may be willing to allow their managers to adopt antitakeover measures. A
“golden parachute” may enable the managers of the target ﬁrm to bargain
harder for a share of the synergistic gains from the potential merger, because
they have some protection against the loss of their jobs that will result if the
takeover attempt is successful.
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15. The Fisher–McGowan result was the subject of considerable controversy
when it appeared (Long and Ravenscraft 1984, Horowitz 1984, Martin 1984,
Van Breda 1984). Fisher effectively demolishes these criticisms in his rebuttal (Fisher 1984), and notes that other authors, most notably Harcourt
(1965), had anticipated Fisher and McGowan.
16. Efﬁciency is deﬁned here as the condition that production is organized to
get the maximum output achievable from the given factors of production.
Fisher observes that “mere identity of technologies and constant returns does
not imply the existence of an aggregate production function as may be seen
by trying to add up two identical Cobb–Douglas production functions without further restrictions” (1969b, p. 556).
17. For example, the only condition under constant returns in which a capital
aggregate exists is that of purely capital augmenting technical differences.
See Fisher (1969b) and the references he cites.
18. Nelson (1995) provides a review; see also Dosi (2000). Hodgson (1993) provides a historical survey and analysis. The Journal of Evolutionary Economics
has been in operation since 1990.
19. In addition to the references cited in these papers, see DeCanio and Watkins
(1998) and DeCanio et al. (2001b).
20. In general, the vertices can also represent subunits or divisions of a larger
organization.
21. The number of labeled digraphs of size n is 2n(n-1). Two undirected graphs G1
and G2 are isomorphic if there is a one-to-one correspondence between the
vertices of G1 and those of G2, with the property that the number of edges
joining any two vertices of G1 is equal to the number of edges joining the
corresponding vertices of G2. Two digraphs are isomorphic if there is an
isomorphism between their underlying (undirected) graphs which preserves
the ordering of the vertices in each edge (Wilson 1985).
22. Two-point crossover is deﬁned as follows. Pick two points at random in the
chromosome string. Then if the two parents’ chromosomes are the strings
ABC and DEF (with the two randomly selected points being the dividing
points between strings A and B and strings B and C, respectively, for the ﬁrst
parent, and between strings D and E and strings E and F for the second
parent), then the two offspring of these parents will have chromosomes AEC
and DBF.
23. If all the members of the population have a positive ﬁtness score, an organization’s relative ﬁtness is simply the organization’s ﬁtness score divided
by the sum of the scores for all the members of the population. If the
least ﬁt member of the population has a negative ﬁtness score, it is necessary to scale the scores by subtracting this negative value so that all the
scaled scores are nonnegative. With subpopulations of different species,
there is an added wrinkle if the species subpopulation’s least ﬁt member has
a negative score – the scaling used to select the second parent may be based
either on the entire population’s least ﬁt member or the species’ least ﬁt
member. Unless stated otherwise, the convention followed in the results
reported here will be based on scaling using the population’s least ﬁt member
for scaling.
24. Histograms and sample statistics were computed using EViews (Quantitative
Micro Software 1997).
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25. It is also clear in Figure 4.3 and other instances not shown here that the distribution of ﬁtness scores is not normal. Jarque-Bera tests indicate rejection
of the null hypothesis of normality at very high conﬁdence levels. The same
conclusion follows if the adjusted Lagrange multiplier (ALM) test for normality (Urzúa 1996) is conducted.
26. The test statistics for the population elite runs are larger than for the
others because population elite selection almost always resulted in ﬁnal
populations with no variation in their ﬁtness scores. For example, 94 of
the 100 size-15 runs exhibited no variation in their ﬁnal populations.
These outcomes obviously cannot be coming from the same underlying
distribution.
27. Note that the type of path dependence inﬂuencing the evolutionary
dynamic stems from the fact that each generation can only draw on the
genetic material surviving in the previous generation. This is distinct from
path dependence arising because increasing returns to scale give some producers a self-reinforcing advantage over others (Arthur 1994).
28. Of course, organizational demography is a burgeoning ﬁeld that extends far
beyond the boundaries of economics. See Carroll and Hannan (2000) for a
recent synthesis.
29. See Canan and Reichman (2001) and Reichman et al. (2001) for an analysis of the importance of leadership and intragroup network structures in
the success of the Montreal Protocol on Substances that Deplete the Ozone
Layer.

5 The Forecasting Performance of Energy-Economic Models
1. It could be argued that an incautious willingness on the part of environmentalists to warn that “the sky is falling” in the face of all types of
pollution, regardless of how serious, has reduced the credibility of the
entire environmental movement.
2. The organizations polled for Blue Chip Economic Indicators include the UCLA
Business Forecasting Project, DRI-WEFA, the Conference Board, and the US
Chamber of Commerce (Moore 2002).
3. Lovins, personal communication (1998).
4. Nash sought to use the original testimony or submission of participants in
the debate for reprint in his collection. NERA agreed to inclusion of the Perry
and Streiter paper only on condition that a revised version of the paper (prepared after the congressional testimony) be printed, along with a memo
responding to Lovins’ comments on their critique.
5. This author was a participant in the interagency process while serving as a
Senior Staff Economist at the Council of Economic Advisers in 1986–87, and
can testify to the considerable effort and resources that were devoted to this
assessment.
6. This DOE study was done as part of the National Energy Policy Plan (NEPP)
of 1983.
7. The forecasts were for 1990 projections contained in the AEOs of 1983, 1985,
and 1987. There were 182, 185, and 177 energy sectors in these three AEOs,
respectively.
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8. These large forecast errors were found even after about 50 sectoral forecasts
were discarded from the sample because their x values exceeded 100. As
Shlyakhter et al. observe, “[w]e assumed that the AEO model might not be
applicable in those cases and omitted them . . .” (1994, p. 123).
9. Storage of these fossil fuels can easily take the form of leaving known reserves
in the ground rather than extracting them.
10. The spot price also requires speciﬁcation of grade and location of the
commodity.
11. A 1995 study by the Ofﬁce of Technology Assessment (OTA) also found a
systematic tendency to overestimate ex ante the cost of OSHA regulations
(US Congress 1995).
12. See Harrington et al. (2000). They cite the testimony of EPA Administrator
Carol Browner before the US Senate Committee on Environment and Public
Works (1997). See also Bohi and Burtraw (1997).
13. The coefﬁcient of variation of a sample is the ratio of the sample standard
deviation to the sample mean. It is a units-free measure of variability in a
sample.
14. The studies included one by the US EIA (1998b), one by the Council of
Economic Advisers (1998b), a synthesis of the models participating in Energy
Modeling Forum-16 (EMF 1999), and two by the Interlaboratory Working
Group of ﬁve of the US national laboratories (1997, 2000).

6 Principles for the Future
1. Russian “hot air” is the gap between current emissions and the 1990 benchmark of the Kyoto Protocol. Current Russian emissions are considerably
below their 1990 levels because of the restructuring of the Russian economy
following the collapse of the Soviet regime.
2. These concerns are partially reﬂected in Metz et al. (2000).
3. It is a cliché that voters in the rich countries do not care much about the
fate of people in the poor countries, but a richer and environmentally secure
world, with the enhanced trading opportunities and political stability that
would be part of it, is fundamentally in the interest of the citizens of the
economically developed countries.
4. It should always be kept in mind that ultimately avoiding dangerous anthropogenic interference with the climate system “could require efforts, perhaps
international, pursued with the urgency of the Manhattan Project or the
Apollo space programme” (Hoffert et al. 1998, p. 884). Stabilization of the
atmosphere at the 450 ppm CO2 that may be needed to prevent thermohaline circulation shutdown and sea level rise from disintegration of the West
Antarctic ice sheet (O’Neill and Oppenheimer 2002) could require 25 TW of
emission-free power by 2050. Primary power consumption today is ~12 TW,
of which 85 percent is fossil fueled (Hoffert et al. 2002).
5. For example, international debt relief for the poorest countries whose debts
were incurred by irresponsible or undemocratic governments is a proposal
that deserves the most serious consideration.
6. The ﬂexibility association with the creation of new rights could also enable
some of the harsher burdens of the transition away from fossil fuels in the
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developed countries to be ameliorated – a share of the carbon rights (or
revenues from a carbon tax or equivalent permit auction) could cushion the
displacement of coal miners or other fossil fuel-dependent workers (Krause
et al. 2003).
7. Appeals to the Golden Rule of economic growth theory have been made in
policy debates in the past. In the Solow–Swan growth model with savings a
ﬁxed proportion of output (see Chapter 3, note 19), the “Golden Rule”
savings rate that maximizes steady-state per capita consumption is one in
which the interest rate just equals the rate of growth of per capita income
(Solow 1970). If “willingness to pay” to avoid environmental damage has an
income elasticity of unity (so that it grows at the same rate as per capita
income), the interest rate appropriate for calculating the costs and beneﬁts
of investments to protect the environment is zero. This line of reasoning was
proposed during the internal US government debate on ozone layer protection policy prior to the signing of the Montreal Protocol, and although it
was not adopted ofﬁcially by the government, low interest rates were used
to approximate intergenerational neutrality in calculating the costs and beneﬁts of ozone layer protection. These calculations showed that the beneﬁts
of ozone layer protection were orders of magnitude greater than the costs
(Crawford 1987). For a full discussion, see DeCanio (2002).
8. It has been noted, however, that economics graduate students tend to behave
more like the purely self-interested denizens of economic models than other
people (Marwell and Ames 1981).
9. Here is the full text of the Economists’ Statement:
1. The review conducted by a distinguished international panel of scientists under the auspices of the Intergovernmental Panel on Climate
Change has determined that “the balance of evidence suggests a discernible human inﬂuence on global climate.” As economists, we believe
that global climate change carries with it signiﬁcant environmental,
economic, social, and geopolitical risks, and that preventive steps are
justiﬁed.
2. Economic studies have found that there are many potential policies
to reduce greenhouse-gas emissions for which the total beneﬁts outweigh
the total costs. For the United States in particular, sound economic analysis shows that there are policy options that would slow climate change
without harming American living standards, and these measures may in
fact improve U.S. productivity in the longer run.
3. The most efﬁcient approach to slowing climate change is through
market-based policies. In order for the world to achieve its climatic objectives at minimum cost, a cooperative approach among nations is required
– such as an international emissions trading agreement. The United States
and other nations can most efﬁciently implement their climate policies
through market mechanisms, such as carbon taxes or the auction of emissions permits. The revenues generated from such policies can effectively
be used to reduce the deﬁcit or to lower existing taxes.
This statement was signed by over 2500 members of the American Economic
Association, including eight US Nobel laureates in economics. The cover
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letter soliciting signatures to the statement was signed by Kenneth Arrow
of Stanford, Robert Solow of MIT, Dale Jorgenson of Harvard, William
Nordhaus of Yale, and Paul Krugman (then of MIT, now at Princeton)
(DeCanio 1997).
10. Examples of the latter abound. Part of the reason for the proliferation of gasguzzling passenger vehicles in the US is that “light trucks” were excluded
from the original Corporate Average Fuel Economy (CAFE) standards. The
light truck exemption was meant to avoid unnecessarily burdening small
businesses (painters, gardeners and the like) that use pickup trucks. The
exemption turned out to be a giant loophole through which the automobile
makers drove their sport utility vehicles (SUVs). As a result, despite signiﬁcant technological progress in engines and design, the fuel efﬁciency of the
passenger vehicle ﬂeet in the United States has been declining in recent
years.
11. This approach is sometimes referred to as “backcasting.” For example, see
Robinson (1988).
12. This is the Kaya identity, that CO2 Emissions = (CO2 Emissions per unit of
energy) ¥ (Energy per unit output) ¥ (Output per capita) ¥ Population. It is
found in Kaya (1989) and is reproduced in IPCC (1996).
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