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Abstract

This is the first of a set of four related papers. It reviews some of the typical variables used
in forecasting and modelling exercises, from the standpoint of generalized behavioral
characteristics, linkages and time scales. The distinction between secular (irreversible) trends
and cyclic (reversible) variables is important. Demographic and economic variables are
emphasized particularly herein. Environmental trends are considered in the second paper of
the set. Technological trends are discussed in the third paper. The special phenomenology of
"crashes" is discussed in depth in the fourth paper in the series.

Introduction

It is taken for granted among some skeptics that the future is essentially unpredictable. This
is a truism if "predictable" is taken to imply 100% certainty. Isaac Asimov's "Foundation"
novels (written, to be sure, when he was very young) features a "psychohistorian" genius
named Hari Seldon, who has developed a probabilistic theory of social systems. An early
scene of the first book has Seldon demonstrating to a young research assistant, on a
"notebook" computer screen covered with mathematical equations, that there is a probability
of 92.5% that "the empire" (consisting of 25 million inhabited planets) will collapse into
anarchy within 500 years [Asimov 1951]. (Seldon also calculates that there is a probability
of 1.7% that he himself will be executed — a remarkably personal prediction for a supposedly
statistical theory). Seldon's fictional model, despite its galactic scope, contained no
environmental component.

The first widely publicized non-fictional world model was "World 2", by Jay Forrester at
MIT. It consisted of five macrovariables — population, food, resources, industrial production,
and pollution — linked by 52 difference equations [Forrester 1971]. 1 Forrester, and his more
favorable reviewers emphasized the fact that counter-intuitive (read: catastrophic) behaviors
for the system as a whole (i.e. population collapse) could arise from interactions among the
five variables [Forrester 1971; Jantsch 1971]. Thanks to support by the Club of Rome, "World
2" was followed by "World 3", a more elaborate version which attempted to disaggregate each
of the five variables into sub-sectors, with regional differentiation and correspondingly many

The Battelle Memorial Institute conducted a simulation study of global problems about the same time. The
model GLOBE 5 was apparently stimulated by Forrester's "World 2"; it was followed by GLOBE 6, which was
intended to be comparable to "World 3" [Burnett & Dionne 1973].
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more equations. Unlike "World 2" it also attempted to incorporate (some) empirical data. The
result was published as "Limits to Growth" [Meadows et al 1972]).2

Both MIT models were almost a parody of Asimov's fictional model. They were both
aggregated and deterministic. Both of these models were harshly criticized for many failings,
largely focussed on the models' failure to reflect realistic economic relationships — notably
production functions — adequately and their apparent inability to allow for to ability of
market mechanisms to induce technological responses to price signals of impending natural
resource scarcities.3 A criticism that was not made at the time, but could have been, was that
the models failed to recognize the difference between marketable resources of natural origin
and non-market common property environmental resources.

The early models were also subject to another kind of criticism: they tried to represent too
many complex and non-linear interactions by means of too few macro-variables related by
an ultra-simplified set of linear difference (or first order differential) equations. Later world
models, of which there were quite a number in the 1970's, tried to overcome the aggregation
problem by introducing regional, sectoral and demographic differentiation. The trend toward
complexity culminated in the "Global 2000" Report [CEQ 1981]. But the large models
generated enormous detail at the expense of enormously greater cost, utter lack of
transparency and consequent lack of credibility.

Trends, Cycles & Crashes

Even if the world were a deterministic system, we now recognize that deterministic systems
can have radically different behavior patterns under different condition' s. Clearly the real
world is not a simple deterministic mechanism. Among other non-deterministic elements,
human choices yet to be made will be based on free will. They are not predetermined.
Economic theory attempts to encompass some of these human responses, albeit imperfectly.
In short, the modeler-forecaster's task is complicated by the fact that variables influence each

2 A third, less ambitious and less well-known, modelling effort in the same spirit but with a shorter time-frame
and a much stronger econometric basis, was "Projections of Power" by three Princeton University professors
[Morgenstern et al 1973]. However, this model also neglected the environmental dimension. It is of interest primarily
as an exemplar of the inherent weaknesses of such models.

3 The criticisms of both models were numerous. However, several are worth citing. Forrester's critics included
[Boyd 1972], [Oerlemans et al 1972], and [Nordhaus 1973]. Forrester and his colleagues responded to the latter with
an equally harsh counter-attack accusing Nordhaus of misreading both "World Dynamics" and Malthus [Forrester et
al 1974]. The major criticism of "Limits to Growth" was a book called "Models of Doom" from the Science Policy
Research Unit at Sussex University [Cole et al 1973]. The SPRU group pointed out that a small change in the model
structure that would allow for technological improvements in response to resource scarcity would yield completely
different results. Curiously, the MIT group did not respond to this fundamental criticism. In their recent revision,
"Beyond the Limits", the authors do not even acknowledge the SPRU criticism [Meadows et al 1992]. Useful reviews
of a more neutral variety include [Thissen 1978] and [Hughes 1985].

4 In the language of non-linear dynamics, chaotic behavior tends to be limited to distinct regions, which are
characterized as "strange attractors". It is the latter which are the proper subject of analysis in non-linear dynamics.

2



Forecasting & Scenario Analysis 	 Part 1: Socio-Economic Modelling & Forecasting

other on very different time-scales.5 Some changes are smooth and gradual, there are also
cyclic, discontinuous and even chaotic behaviors in the world, complicated by conscious but
not predetermined human decision-making.

Cyclic phenomena are to be distinguished from uni-directional changes — including sudden
discontinuities or "catastrophes" — which are much more difficult to predict. Just as a simple
analog of a cycle is the swinging of a pendulum, a simple analog of a discontinuity is a
collapse or "crash" of some sort. Such words are often used loosely to characterize sudden
events, such as the sudden decline of stock prices on Wall Street in October 1929 (and, more
recently, October 1987) or the collapse of the Hunt Brother's attempt to corner the silver
market in the 1970's. One recalls the familiar children's verse: "Humpty Dumpty sat on a
wall; Humpty Dumpty had a great fall," etc.

However, on reflection, the "crash" analog is potentially very misleading. Once Humpty
Dumpty had fallen, there was no way to put him back together again. However stock prices
and real estate prices can (and do) eventually recover. Discontinuity (except to a mathemati-
cian) is a question of time scale. A change in the weather might seem very sudden to us, but
gradual to a mayfly. What looks like a smooth and steady trend to an economist or
demographer may look like a discontinuity to a geologist or an historian. The dinosaurs did
not become extinct overnight; the process certainly took many thousand years, and possibly
a million years. (Indeed, a number of current trends are really explosive from a longer term
perspective).

The rate of change is one of the criteria for a discontinuity. Another is the magnitude of the
change, and its consequences. Uni-directionality or irreversibility is a third criterion. The
words "discontinuity" or "catastrophe" do not really express the essence. The word "phase-
transition" is preferable, in many cases, if only because it is less evocative. Nevertheless,
terms like "crash", "extinction" or "explosion" have often been used by other authors to
characterize sudden, irreversible changes of great magnitude.

Continuing Demographic Trends

Continuing trends that can be classed as "relatively forecastable" features of our world-scape
can be identified in a number of areas. Perhaps the most reliable for our purposes are the
demographic, technological and environmental. A brief summary (below) will suffice. The
special problem of economic forecasting is discussed in more detail later.

5 So-called general systems theorists in the 1960's attempted to structure these complex relationships by
introducing hierarchical or multi-level theories of social change. The general idea behind such schemes is that higher
level variables influence lower level variables, but not vice versa (at least, not in the same way). Thus demographic
change has a direct impact on economic growth, because it determines the labor supply and the composition of
demand. On the other hand, economic growth affects birth rates only indirectly, insofar as prosperity influences the
desire to have children. The principal exponent of hierarchical systems theory was (and is) Mihajlo Mesarovic, of
Case-Western University [Mesarovic et al 1970]. The Club of Rome sponsored a collaborative multi-level world
modelling effort, between the groups at Case-Western and Edouard Pestel at Hannover, to follow up on the MIT
work. The results were published in several volumes [Mesarovic & Pestel 1972, 1974].
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Demographic trends appear to have more inertia than they really do. Individual life cycles,
from birth, infancy, childhood, adolescence, maturity and senescence to death, follow a
regular pattern. One principal driver of demographic change in recent centuries has
unquestionably been progress in medical science, and especially public health. This is really
an historical discontinuity. Scientific discoveries (such as Pasteur's recognition of the role of
bacteria as a cause of infection) and simple technologies such as vaccination, chlorination of
water supplies, and the segregation and primary treatment of sewage have had a dramatic
impact on the propagation of infectious disease. Antiseptics and anesthetics have made
childbirth and surgery far safer than they once were. All of these advances have everywhere
dramatically cut death rates, and extended life expectancy without (immediately) affecting
birth rates.

The other major current driver of demographic change is social and economic. In rural
societies, in the absence of social security, large families are useful for working on the land.
Even very young children can feed animals, plant seeds, pick off insects, harvest vegetables
and fruit, etc. Moreover, surviving and self-supporting adult sons are the traditional source
of support for the elderly and incapacitated. Thus desired family size, in rural societies,
depends partly on infant mortality and life expectancy. But in areas where there is no
unoccupied land, or where farms are already too small for further subdivision, surplus
younger sons are forced into the status of landless laborers, or altogether off the land and into
urban slums. In 19th century Europe and America, and early 20th century Japan, this
migration into cities was a powerful driver of industrialization, since these unskilled rural
workers could quickly be absorbed into the burgeoning unskilled factory workforce.

Over several generations, urban workers went to school, learned skills, and adopted middle
class habits and outlooks. Large families are not economically beneficial to middle class urban
dwellers, since children must be housed, clothed and fed, and they cannot earn money if they
are forced to go to school. In fact, even without social security, children are an expensive
luxury, rather than an economic necessity, for city dwellers. Thus, as societies urbanize and
industrialize, and as education levels rise — especially among women — net birth rates tend
to fall. However, in much of Asia and Africa, the majority of the population is still rural and
educational levels are still very low. Consequently, on the global scale, populations are aging
but no longer growing much in the industrial world (except from immigration). But in the less
industrialized countries rural populations are still growing fast. The migration to cities is in
full swing.

These general demographic trends are slow enough to be classed as continuing, at least over
a period of decades. They are clearly irreversible. The major uncertainties have to do with the
rates, rather than the direction, of change.

Environmental Trends

Just as there are irreversible (at least on a time scale of generations) trends in technology,
there are irreversible trends in the environment. There are three generic categories. The first
is exhaustion of high quality natural resources is one such trend. Exhaustible resources include
metal and mineral ores, fossil fuels, topsoil, ground water in some areas, and biological
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diversity. The second generic category of irreversible environmental trend is contamination,
pollution and toxification of environmental resources, including the air, ground water, surface
water, soils and sediments. The third category consists of indirect effects of the second.
Climate warming, sea-level rise, acidification of the soils, corrosion and depletion of the
stratospheric ozone later are examples. All of these trends are discussed at length in the next
paper in this series.

Economic Trends

In discussing economics it is important to distinguish between enduring truths and persistent
oversimplifications. Among the enduring truths are several generalizable insight about human
behavior in certain circumstances, and about the behavior of markets. One is that many people
behave in such a way as to increase (if not maximize) their individual economic welfare.
Another is that in a free competitive marketplace, in which every actor behaves as a
maximizer on his own behalf, the result is nevertheless beneficial to the aggregate. Other
important insights of economics over the past century concern the role of government as a
regulator. These include recognition of the importance of money supply, interest rates, taxes,
budgetary surpluses and deficits (about which, more later).

As regards oversimplifications, economists have built a major theoretical structure around the
notion that the world is like a pure marketplace. However, welfare maximization in any
meaningful sense is certainly not characteristic behavior for a significant portion — possibly
the dominant part — of human society. (To cite a current example, the destructive ethnic
conflicts in former Yugoslavia, Armenia and Azerbaijan, Georgia, Kurdistan, Northern
Ireland, Somalia, Liberia and half a dozen other places cannot be explained in terms of
welfare maximization for anybody except warlords).

Wealth was once thought to be derived entirely from nature, whether from the land (crops,
animals), the sea (fish) or from under the earth. This "zero-sum" view implies that wealth
must either be found in nature or appropriated from someone else. This has historically
justified the idea of conquest of territory to gain wealth. The perception that wealth can be
created by labor, savings and investment, trade, — and especially by technological progress
— is relatively recent. Like economics as a discipline, it does not go back much beyond the
eighteenth century, even for western Europe. In a sense, the emergence of homo economicus
as a power in the world represents as much of a discontinuity as does progress in public
health.

Actually, there are two economic mechanisms that have contributed to increased prosperity.
The first was trade. The Italian cities, Venice and Genoa, were first to exploit the possibilities
of exchanging goods between Europe and the Levant. The development of long distance
sailing and navigational technologies by Portugal and Spain enabled traders to carry goods
such as spices and silk from places where they were abundant and cheap to places where they
were scarce and expensive. This exchange was beneficial to all those involved and certainly
increased their overall standard of living, although it did not increase the total quantity of
goods available in the world (except, perhaps, marginally). Nevertheless, it was trade per se
that most visibly contributed to the growing wealth of the Hanseatic cities, the Netherlands
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and Britain in the 17th century. It was the benefits of trade that Adam Smith and other 18th
century economists sought to understand and to propagate by policy.

The other important mechanism of wealth creation is large-scale manufacturing. At first,
manufacturing was a mere enhancement of traditional handicrafts, via the introduction of more
efficient tools, such as the "spinning jenny". But a cluster of technological innovations in the
18th century, from the power loom to the boring machine — and, above all, Watt's steam
engine — brought about the first "industrial revolution". The essence of this revolution in
manufacturing was that it kicked off a long period of sustained increases in labor productivity
(output per unit of labor input) that has continued to the present day. It is this phenomenon,
of course, which has created the flood of material goods that we associate with the idea of
wealth. Over the past two centuries, manufacturing has contributed vastly more to aggregate
wealth than trade; indeed, most trade nowadays is in manufactured items.

This capsule history might seem sufficient to justify classifying economic growth and
industrialization as an irreversible, continuing worldwide trend. However, this is unjustified.
Undeniably there have been major setbacks in the growth process. The Counter-Reformation
effectively stopped the process in Italy and Spain, for example. Later, and more worrying
from a modem viewpoint, there was the great worldwide depression of the 1930's. In the case
of the Great Depression, the growth process appears to have stopped spontaneously, due to
some inscrutable failure in the growth mechanism itself. While many economists (still
obsessed with trade) attributed the Great Depression to rising tariff barriers, it is difficult to
distinguish cause from effect. Certainly, Great Britain in the 18th Century, the U.S. in the
19th Century and Japan in the 20th Century, have all grown rich behind tariff walls. There
is no convincing case for ascribing the depression to a non-economic cause (comparable to
the Counter-Reformation), but neither is there a good economic explanation. (Indeed, the
recovery may have been due to World War II, which was not really an economic event,
though economic problems were among its multiple causes).

Unfortunately, economic growth is not really explained by current economic theory. Until the
middle of this century, economists attributed growth (per capita) to savings and investment.
It was a major surprise when econometric studies [Abramovitz 1952, 1956; Solow 1956,
1957] showed convincingly that the major "engine" of growth must have been technological
progress in some general (and mostly undefined) sense. Economists still have a peculiarly
simplified — virtually circular — view of technological change. In the aggregate, it is
typically viewed as a modest but continuous increase in "total factor productivity". This (in
practice) is usually reduced to labor productivity, or gross output per unit of labor input. At
the most aggregated level, this assumption of long-term continuity of factor productivity
growth appears reasonably justified by experience.

However, while increased productivity must owe something to technological progress in the
sense discussed in the previous section, there is no theoretical reason for supposing that
productivity can never decrease. The irreversible character of technological trends is not a
priori applicable to productivity trends. This is because technological capabilities per se do
not depreciate (at least, not in normal circumstances) but at any given moment productivity
depends on fixed investment, demand, capacity, and depreciation. It can decrease under some
conditions. Since labor and capital productivity can decline, it follows that economic activity
can also decline. Growth is not irreversible.

6
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In fact, aggregate rates of growth can be, and are, quite variable, from time to time. At the
sectoral (or lower) levels of aggregation experience tells us that changes can be radical and
— comparatively — discontinuous. Growth in one sector can be accompanied by decline in
another. Unfortunately, this variability is not reflected in current economic forecasting models.
For instance, it is common for macro-economic models to assume (for convenience) that the
economic system grows smoothly and continuously along an optimal path in a perpetual state
of supply-demand equilibrium. This implies that there are no non-economic forces at work
in the system. It also implies that every technology and institution that exists is the outcome
of a continuously fair and free Darwinian competition among all possible alternatives, and that
technological progress is smooth, continuous and exogenous: a sort of continuous "manna
from heaven". There is nothing in the conventional model of an economic system to explain
why one industrial sector grows faster than another, or why a sector might disappear
altogether.

Actually there are two-long term trends that bode extremely ill for the future. One is the
seemingly irreversible rise in the costs of health care, pensions, education and other
government services such as police. More and more of the workforce is employed in these
sectors, where productivity is not increasing significantly, if at all. In 1990, 12% of the U.S.
GNP went into the health care system, alone. Extrapolating into the future, William Baumol
projects that this will reach 35% by 1040, with education adding another 25%. 6 The reason
he gives is that the services in question require high levels of personal inputs by highly
educated people, and that little can be done to change these personal input requirements.
Baumol calls this the "cost disease of personal services". It is evident that such services tend
to require ever-increasing subsidies and thus tend to migrate into the public sector.

The second long-term trend is related to the first. It is the deficits themselves. Virtually every
country in the world, with insignificant exceptions, has an out-of-control public sector deficit.
(Even Saudi Arabia is now an international debtor). Japan is the only major country able to
finance these debts, and Japan itself has a large and growing public sector deficit. The major
cause is the growing cost of pension and health services. In Germany today, there are 2.2
employed persops to finance social security costs for one retired person. By 2035, this ratio
will drop to 1:1. This problem is equally severe elsewhere in Western Europe, and the U.S.
is not far behind. Deficits have grown because governments want to spend more than they
collect in taxes, hoping to finance the deficits from future economic growth. It may not be
possible to continue on this track indefinitely. More about this problem later.

The assumptions of constant discount rates and constant rates of productivity increase
seriously weaken the long-term predictive power (and credibility) of conventional economic
models. This is not the place for a detailed discussion of simplifying economic assumptions
and their implications, several of which are demonstrably false. The question still arises
whether models based on such assumptions could be of any value for the understanding the
relatively distant future. The problem of long-range economic forecasting is discussed further
in the context of cycles and discontinuities.

6 Paper delivered at the Annual Meeting of the American Philosophical Society, May 1993. Cited by J.K.
Glassman in the Washington Post, August 20, 1993.

7



R.UAyres	 November 23, 1993

Interlude: Discounting

The so-called discount rate, or "time preference", is one of the oversimplifications alluded to
earlier. On the one hand, it is a central feature of all economic calculations. It is the core
explanation of why interest rates are positive (despite the moral opposition to "usury" on the
part of both Christians and Muslims). For individuals, it is partly a natural implication of
finite life expectancy — the knowledge of mortality — and partly a consequence of another
phenomenon: the "declining marginal utility of money" (which means that the more money
a person has, the less it is "worth") combined with the expectation of increased wealth in the
future.

The net effect of discounting the future is that, on average, people are increasingly less
willing to save or invest for more distant future times. However, most economists assume,
contrary to evidence, that the discount rate is an invariable constant. Yet, the mortality
component of discounting implies that increasing life expectancy, thanks to progress in public
health, has probably lowered the discount rate and (ceteris paribus) increased the propensity
to save and invest for the future (since one is more likely to live long enough to enjoy the
benefits). This provides an unexpected linkage between life expectancy and savings rates
which might account for part of the rapid economic growth of the 19th century. By the same
argument, in reverse, whatever impetus to savings and productivity growth might be attributed
to increasing life expectancies has now probably been exhausted in the industrial countries.
This could be part of the reason for recent declines in aggregate productivity growth rates.?
(In this context, a major "breakthrough" in life expectancies would have enormously complex
economic and demographic consequences).

Discounting behavior also seems to depend on the individual's expectations of increasing
future income. As noted above, the greater one's expectations of increasing personal income
in the future, the higher the return (interest rate) on an investment would have to be justify
waiting instead of spending the money now. On the other hand, when people have reason to
expect future income to decline — as would typically be the case for people in their 50's —
they may be willing to save out of current income for future consumption, even if the rate
of interest is low or negative. This logic applies, also, to nations. People in a country where
everyone expects automatic economic growth and social security protection (the USA in the
postwar era, for example) will not have much incentive to save their money. By contrast, in
a country where growth is seen as a fragile and temporary phenomenon, and where the "social
safety net" is perceived as untrustworthy, people are more likely to save.

Since saving is also a necessary (if not sufficient) condition of growth, high expectations of
future growth will have a negative effect on actual growth, and conversely. Discount rates are
not constant over time. Sustained prosperity will breed a generation of optimists, who will fail
to save and thereby cause a slowdown. The slowdown, in turn, would breed a generation of
pessimists who save more and help fuel the next period of prosperity. Thus, we have a
negative feedback phenomenon. The international growth leader of one era almost

While the decline in productivity growth since 1972 or so is well documented, economists disagree widely over
the explanation. See, for example [OECD 1991].
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automatically becomes the laggard of the next era. An economy the size of the U.S. can (and
still does) drag the whole world with it. Thus, a long term slowdown in U.S. growth would
be expected slow the whole world's rate of growth until some other "engine of growth"
becomes dominant enough to carry the load.

Economic Cycles

The discount rate mechanism sketched above would be one possible explanation of the "long
cycles" — called Kondratieff cycles — (of roughly 50 years) that have been observed.
However, while 50 years corresponds roughly to two generations (optimistic and pessimistic
in turn), other mechanisms have also been suggested to account for the observed phenomenon.
One hypothesis, which is actually somewhat compatible with the optimism/pessimism cycle,
is based on the clustering of major technological innovations. The basic idea is that, during
a period of stagnation and recession, when people are comparatively pessimistic, there is a
greater tendency to invest in R&D projects with a more distant future payoff. Thus a number
of "infant industries" may get their start at such times. As these industries grow and prosper,
they find new markets, exploit economies of scale to reduce costs, cut prices to increase
demand, and drive the economy as a whole. Meanwhile, as they do so, they become
increasingly capital intensive. Thus, they begin to attract investment away from the more
distant and speculative projects.

The growth impulse eventually slows down when the "new" industries become mature and
their products become more and more like commodities. Then markets begin to approach
saturation, demand ceases to increase, prices cease to decline, investment slows down and
growth decelerates. But, because of a long period of short-term investment in plant and
equipment, there is no more backlog of innovative new products to replace the older ones.
Thus the economy continues to slow down until a new cycle of long-term investment begins
again.

The prototypic cycle is•the motion of planet in its orbit or a pendulum. However, most cyclic
phenomena are quasi-periodic and thus can be projected only within limits. The analogy with
economic and other cycles in the social sphere is far from perfect, because the "forces"
involved are much more complex. Nevertheless, some of the economic relationships are
orderly enough to produce a quasi-regular behavior. The relationship between retailers'
inventories and orders to manufacturers for re-stocking is the classic example. When
inventories are high, orders fall, and vice versa. This is the so-called "business cycle" of 4 to
5 years, a well-studied phenomenon in economics [e.g. Kuznets 1930, 1953; Schumpeter
1939]. Longer cycles have also been suggested, up to the well-known 50-year "Kondratieff
cycle" [Kondratieff 1926, 1928; Kleinknecht 1986].

Some observers have attempted to correlate the frequency of wars to the Kondratieff cycle.
Others have gone so far as to try to explain wars in terms of sunspot or climate cycles.
However, while there may be some correlation between general economic conditions and/or
general climatic conditions and the probability that a local conflict will become violent, such
deterministic schemes have never proved to be accurate guides to the future. Given the
complexity and uncertainty of the ex post explanations for most macroeconomic phenomena,

9
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as well as wars, it is not plausible that they should be related to each other in any simple
way.

Backcasting from an Hypothetical Sustainable Future

Because of the potential for discontinuities, in particular, forecasting over a long time horizon
(e.g. 2050) by simple "surprise-free" extrapolation from the past makes very little sense. Yet,
the long term trends do play an important role, in the sense of defining boundaries of the
possible. Thus, there are many more "impossible" futures than there are "possible" futures.
Within the range of "possible" futures, the range of "plausible" futures is smaller still.
Paradoxically, this still leaves the range of plausible future outcomes far too large to be of
any value for planning purposes.

On the other hand, the state-of-the world implied by straightforward "surprise-free"
extrapolations of current trends, disregarding discontinuities and surprises, is almost certainly
one that is inherently unbalanced and unsustainable for more than a few decades, at most. The
questions of most practical interest for us are: (1) is there any plausible scenario leading to
a sustainable state-of-the-environment by 2050 and (2) if so, what policy innovations will be
required?

To accomplish such a task is difficult in one sense, since it requires us to do a long range
extrapolation, if only to identify those trends that are inconsistent with long-run survivability.
There is a major debate on the appropriate definition of "sustainable development". The
mainstream view has been nicely summarized by Nobelist Robert Solow:

"If sustainability means anything more than a vague emotional commitment, it must
require that something be conserved for the very long run. It is very important to
understand what that something is: I think it is a generalized capacity to produce
economic well-being,

It makes perfectly good sense to insist that certain unique and irreplaceable assets should
be preserved for their own sake; nearly everyone would feel that way about Yosemite
or...the Lincoln Memorial. But that sort of situation cannot be universalized; it would
be neither possible, nor desirable, to "leave the world as we found it" in every
particular." [Solow 1992].

Most of the disagreement hinges on the extent to which environmental assets are substitutable,
and which environmental assets are irreplaceable. It is the latter that must be preserved for
their own sake. The problem is that it is not primarily monuments and parks that must be
preserved for their own sake, but bio-geo-chemical systems and attributes. Without going into
great detail here, I would assert that the following conditions are necessary for sustainability,
though not necessarily sufficient:

I. No further global warming due to accumulations of greenhouse gases in the
atmosphere (beyond a limit yet to be determined); no further sea level rise.
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II. No further acidification of the environment, beyond some limit.

III. No further accumulation of long-lived toxins, especially heavy metals, in the soils
and sediments, beyond some limit.

IV. No further topsoil erosion (beyond natural soil formation rates).

V. No further groundwater contamination; no further drawdown of "fossil" groundwa-
ter beyond natural replacement levels.

VI. No further destruction of rain forests, estuarine zones, coral reefs and ecologically
important habitats, beyond some limit. No further loss of bio-diversity.

In each case, degradation is already serious. There is no question of returning the earth to a
pristine "pre-industrial" state. We have already accepted significant buildups of greenhouse
gases, massive deforestation and extensive damage due to acidification, massive erosion and
desertification, buildups of toxins and contaminants in groundwater, and losses of biodiversity.
These trends will continue unless they are halted by human action. Solow's position — shared
by many economists — is that there are no limits except economic ones; in effect, we can
accept any amount of climate warming or sea-level rise, provided the tradeoff in terms of
added output of "goods and services" added to the GNP (appropriately adjusted) is sufficient.
Most ecologists, on the other hand, would argue that there are limits to the permissible
degradation, not based on human preferences but based on the continued ability of the bio-
geo-chemical system to operate; indeed, we may already be approaching these limits.

The economic implications of sustainability, based on the argument sketched above, are fairly
easy to state in summary form:

(1) Reduction in energy and materials use, per unit of GDP, by an order of magnitude.

(2) Elimination of almost all fossil fuels (except petrochemicals and, possibly natural
gas) meaning an end to coal mining (except possibly for metallurgical coke),
petroleum drilling and refining, coal-based electricity generation, gasoline and
diesel fuels for transportation, liquid fuels for space heating, etc. Substitution of
other sources of energy (for instance, solar hydrogen, gasification of paper and
plastic wastes, solar heat, photovoltaic electricity, wind power, etc).

(3) Elimination of virtually all dissipative uses of chlorine, fluorine, bromine, heavy
metals and aromatic hydrocarbons. Sharp cutbacks in mining of metal ores and
minerals, especially from surface mines. Elimination of most "waste disposal"
activities, as such. Substitution of less toxic families of chemicals, based on
biological conversion of organic wastes, such as lignin. Sharp increase in industries
based on reclamation, re-use, re-manufacturing and recycling.

(4) Elimination of "industrial" agriculture based on high inputs of fuels, irrigation
water, chemical pesticides and fertilizers. Substitution of sophisticated low-input,
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labor intensive, multi-culture methods depending largely on biological controls for
pests.

(5) Sharp reduction in energy-intensive transportation and transportation-based
industries, including tourism, air travel, trucking, private automobiles (except small
electrically powered city cars). Corresponding growth in information-intensive
activities, especially in education, communications and entertainment.

(6) Changing land-use patterns in urban areas resulting from much higher cost of
automotive transport, and much higher cost of providing utility services for single-
family houses, than has been the case in the past. The result will be to make high-
rise multi-family dwellings much cheaper to live in, per unit of living space. This
will make cities and towns much more compact. It will also make them much
easier to serve by means of public transportation systems, both intra- city and
inter-city.

These changes, in the aggregate, amount to a massive economic restructuring of the
industrialized world, with a reversal of many long-term trends, especially in energy and
materials use. Yet, from a technical point of view, they appear feasible. Of course, a more
detailed analysis would have to be done to check on the capital and labor requirements, not
to mention the materials transformation and waste disposal and recycling technologies
required.

But for a well-established trend to reverse itself, in the real world, generally requires one of
two things: either (1) approach to a natural limit or (2) reversal of some driving social
impetus. Exhaustion of natural resources (e.g. petroleum reserves) for instance, would create
scarcities and force a shift to substitutes. This would be seen as an "act of god". It would
require no great amount of anticipation, or courage, on the part of political leaders.

On the other hand, natural resource availability seems adequate for at least the next century,
whereas irreversible environmental deterioration may not wait so long. This is partly because
metals and minerals are subject to market pricing, which means that low value uses are
weeded out as prices rise. Environmental resources, on the other hand, have been largely
unpriced, over-used and consequently abused. Yet, the connection between environmental
deterioration and unsustainable patterns of economic development may not be evident to most
people. In such a case, major changes in the regulatory and institutional systems in place will
have to be made, and justified, by leaders who see further than others. If they do what needs
to be done, they will never be able to take credit for their foresight in preventing disasters that
never happened. This is a great deal to ask, at least in times of "business as usual".

The other possibility, of course, is that some crisis will occur that is scary enough to capture
and focus the attention of world leaders (and citizens) on the seriousness of the problem. For
instance, while a centralized world government with taxation and enforcement (police) powers
may not really be a necessary condition to accomplish the necessary eco-restructuring, there
are reasons to think it might be. In this case, the question we would have to ask is: what (if
any) plausible scenarios could lead to the creation of such an entity? I suspect that it would
probably take another major "hot" war, or — at least — a number of episodes of nuclear
terrorism, for the leaders of nation states to be willing to consider voluntarily giving up a
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significant amount of their precious sovereignty. To conclude, a plausible scenario involving
many trend reversals — discontinuities — must be accompanied by a plausible justification
for those reversals. This question is considered further in the next paper of this series.
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