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Abstract
This paper examines the problem of how to shift from a techno-economic "trajectory" based
on exploiting natural resources — soil, water, biodiversity, climate — that, once lost, can never
be replaced, to one that could lead to a future society that preserves and conserves these
resources. First, it attempts to identify the most pressing questions, especially with regard to
the severity of the threat and the technical feasibility of solutions. Next, it attempts to
distinguish between those questions on which there is little or no scientific disagreement from
those on which the evidence itself is disputed. Thirdly, it raises the most fundamental question
of all: how to get from where we are to where we want to be. Fourth, it suggests some
promising directions for detailed investigation.

Introduction
The report of the UN's World Commission on Environment and Development (WCED) —
known as the Brundtland Commission — was published in 1986 under the title "Our Common
Future". Since that time it has been widely recognized that there is a very real conflict
between meeting the needs and desires of the five billion people now alive and the possibility
of satisfying the ten billion or so people expected by the middle of the next century. It will
be exceedingly difficult to simultaneously satisfy the objectives of environmental preservation,
on the one hand, and accelerated economic development of the Third World, based on current
population trends and energy/material intensive technologies, on the other. The implications
of this conflict have been delineated eloquently in the Commission's report [Brundtland et al
1987; McNeill 1989]. They need not be spelled out in detail here.
It is important, however, to confront three basic questions. The first two central questions are:
Is economic growth compatible with long-run ecological sustainability? If so, is there a
plausible mix of technologies and economic instruments that would be cômpatible with longrun Third, and fmally: what is the "least cost" (and "least pain") political/institutional path to a sustainable world economy?
This trio of central questions currently elicits passionately opposed positions. Fortunately, it
can be broken down into a number of several subsidiary questions that are researchable, and
on which it should be possible to reach eventual scientific consensus. The first two research
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questions listed in the next section deal with whether there is a real environmental crisis at
ail:
(1)

Bearing in mind that most economists have been trained to believe that substitution
is always possible, at some price, one must ask: is there any class of environmental
assets or services that is both essential to human life (or to the biosphere) and for
which there are no plausible substitutes?

(2)

If the answer is 'yes' (as this paper contends) a second question follows: are any of
these environmental assets or services now threatened by irreversible and/or
irreparable damage? Is there a credible — not necessarily probable -- threat to longterni survival of life on this planet?

The answer to these first two questions is obviously critical. If substitutability (e.g. of capital
for environmental resources) is more or less without limit, or if the limits are very remote,
then it can be argued that present trends are sustainable, or could become sustainable
(depending on one's exact definition of sustainability) with a few marginal changes in policy.
A majority of educated people, and most business and political leaders, appear to assume that
only minor changes in current technology and/or regulatory policy would suffice to overcome
and environmental threat. In fact, most so-called "environmentalists" appear to believe that
the most serious environmental threats we face are direct threats to human health (contaminated water or food, skin cancer) or loss of amenity (forent die-back, oily beaches, litter, haie,
bad smells, etc.) No doubt ex-president Bush truly saw himself as an "environmentalist"
because of his long-standing love of hunting and fishing. It has to be said, at the outset, that
these are NOT the environmental problems of greatest concem from the standpoint of longterm survival of the earth as a habitable planet.
To put what follows in its proper perspective, this paper argues (i) that there are limits to
substitutability and (ii) the limits may be doser than most people think. The latter point is not
inconsistent with the possibility — also unprovable — that nature may be exceedingly adaptable
and resistant to anthropogenic disturbance. The problem is, in a nutshell, that given the
magnitude of the human intervention in natural systems, it is very difficult to justify a high
degree of confidence that we have nothing to worry about. Meanwhile, it is increasingly
important to understand the true nature of the potential problem. Further research questions
follow:
(3)

Is the inevitable exhaustion of high quality deposits of natural minerai resources a
major constraint on continued environmentally sustainable economic growth?

(4)

Is continued population growth compatible with long-run eco-sustainability? (Another
way of posing this question is to ask whether there is a feasible alternative to
growing food crops on land?)

(5)

Do we know of feasible strategies, and implementable means, of bringing population
growth to an end without government coercion, war or epidemic?
2
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(6) Is there any fundamental technological limit (other than the second law of thermodynamics) to the energy and materials productivities that can be achieved in the long
run? Is there any fundamental limit to the long-run efficiency of materials recycling?
The last question is a dispassionate way of posing a question that has been argued
passionately in the past: whether economic growth per se is, or is not, fundamentally
incompatible with a clean and ecologically sustainable environment.

Issues on Which Substantial Consensus Now Exists
There has been, and still is, controversy with regard to questions #1, 2. Possibly this is
because the questions have not been posed sharply enough in the past. Set them aside for the
moment. On the other hand, there is already a near-consensus among experts with regard to
questions #3,#4 and #5. In brief, the consensus is that the answers to #3 and #4 are negative,
while #5 is affirmative.
As regards #3, contrary to some widely held beliefs of the 1970's, that economic growth is
inherently limited by the availability of exhaustible natural resources [e.g. Meadows et al
1972] it is now agreed that energy or minerai resource scarcity is not a limiting factor.
However, arable land, water and climate may turn out to be. The "no growth" position has
been largely discredited, both by empirical research [e.g. Bamett & Morse 1962; Barnett
1979] and by many theorists. The main problem is that it gave too little credit to the power
of market-driven economies to call forth technological alternatives to emergent scarcities [e.g.
Cole et al 1973; Goeller & Weinberg 1976].
Population growth (question #4) is a matter on which there has been some controversy in
recent decades. Malthus foresaw that population growth would eventually outrun the carrying
capacity of the earth. Colonization of new lands in the Western Hemisphere forestalled the
crisis for a while. Discovery of effective means of increasing agricultural production by plantbreeding, large-scale application of fertilizers, pesticides, and herbicides, and large-scale
transport of irrigation water into desert regions have also put off the evil day. Nevertheless,
the alarm has been raised once again, perhaps on better grounds. Paul Ehrlich [op cit] has
been perhaps the most articulate of the neo-Malthusians who argued, in the 1960's, that
population is the problem. Julian Simon [Simon 1977, 1980] and a few others have taken an
opposed position, namely that the resourcefulness and inventiveness of people will always
overcome any perceived problems of scarcity.
Technological optimists — notably Herman Kahn and his colleagues [Kahn et al 1976] — have
unhesitatingly projected that early 20th century rates of increase in agricultural productivity
can and will continue into the indefinite future. However, agricultural experts like Lester
Brown are much less sanguine [Brown 1974]. The potential gains from further uses of
chemicals by traditional methods are definitely limited. Ground water is already becoming
seriously depleted and/or contaminated in many regions of the U.S. and Western Europe
where intensive irrigation cum chemical agriculture have been practiced for a few decades.
In a very balanced, but pessimistic survey article, Bernard Gilland writes:
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"Since the onset of the rapid rise in the world population growth rate over 30 years
ago, there has been speculation on the human carrying capacity of the plana. Most
writers on the problem either hol4 on technological grounds, that the earth can support
several (or even many) times its present population, or warn, on ecological grounds,
that the Earth is already overpopulated and that human numbers should be reduced. I
shall try to show that neither of these views is realistic, and that a plausible assessment
of carrying capacity leads w Me view that the world is not yet overpopulated but will
be so in the second decade of the twenty-first century, when the population will be 60
percent larger than at present". [Gilland 1983 p.203]

Gilland goes on to conclude:
"Estimates for global carrying capacity and long-range demographic projections are
admittedly subject to wide margins of ermr, but the consequences of relying on an
excessively optimistic assessment of the future population food supply balance would be
so serious that a conservative assessment is justified" [ibid. p 209].

Admittedly, Gilland's assessment was based on conventional agriculture using land now
classified as "arable".
Julian Simon argues in rebuttal that this is not a fixed quantity, and that so-called arable land
had actually been increasing at a rate of about 0.7% per annum (from 1960 to 1974) [Simon
1980 p.1432]. This is one of the reasons food shortages projected earlier did not occur. But
most of the "new" cropland was formerly tropical forest. (The rest was grasslands, such as,
for instance, the vast and ill-conceived "new lands" projects of Soviet central Asia).
Deforestation has now become an acute problem throughout the tropics, and most tropical
forest soils are not very fertile to begin with and are rapidly exhausted of its nutrients by
cropping. There is no basis for supposing that the amount of arable land can continue to
increase much longer, if indeed it has not begun to decrease already for the reasons noted
above. In any case, erosion and salination are taking a constant toll of the lands already in
production.
Gilland also did not take into account several theoretical possibilities, including such "high
tech" schemes as genetically engineered bacteria capable of digestion of cellulose or crude
oil, large-scale hydroponics, and massive irrigation of tropical deserts such as the Sahara
using desalinated seawater. Certainly, these possibilities must be taken seriously, and some
of them may play an important role before the end of the next century. On the other hand,
there is no chance that any of them could make a difference within the next twenty or thirty
years. In short, there are strong indications that agricultural technology cannot continue to
outpace population growth in the Third World for more than another few decades. For these
reasons, the majority of demographers, and most economists, now take it for granted that
population growth must be brought to an end as soon as possible if sustainability is to be
achieved [e.g. Keyfitz 1990, 1991].
The answer to question #5 is generally assumed to be affirmative. This optimism is based
partly on evidence of some slowdown in global population growth in recent decades. However
4
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it is admittedly unclear whether the observed slowdown (mostly in China, so far) can be
extrapolated to other countries, particularly in the Muslim world. Still, the majority of experts
seem to believe that the required "demographic transition" is economically and institutionally
feasible, in principle. Here the central problem is seen to be to achieve near universal literacy,
equal rights and legal standing for women, a social security net for the poor, and real
economic growth to finance all of this, at a rate fast enough to reach that "middle class"
standard within a few generations2. Demographers and social scientists generally agree that
these are the preconditions for radically reduced birth rates. For instance, in a recent public
forum (the World Future Society's 6th General Assembly, July 17-19 1989) Jessica Matthews
of WRI had the following comment:
"The answer is emphatically that there is a realistic path to global population control.
The demographers measure what they call unmet needs for contraceptives. That's the
place where action has to begin — with women and couples who express a desire to use
contraceptives, but who currently have no access to them. The cost is about $10 per
couple per year. The need is several times world spending on contraception — a trivial,
almost infinitesimal sum, compared to defense spending. I dare say it would probably
be covered by the cost of one B-2 bomber, about $500 million. ....The second most
important realistic, feasible, direct intervention is through women's education. For
reasons that are not entirely understoo4, even primary school education maltes a huge
di fference in women's fertility rates. Therefore education of women in developing
countries, and expansion of that opportunity, will have a huge effect.." [Matthews 1990;

pp 27-28]
The most passionate debater with regard to population policy center on moral (and, of course,
political) questions centering on methods of birth control and, especially, the legitimacy of
abortion. (The latter argument is not one that can be settled by scientists).

Issues for Debate: Threats to the Biosphere
Retuming now to questions #1, 2 and #6, there has been a good deal of academic debate in
recent years on the exact meaning that should be ascribed to the term "sustainability". For
instance, Repetto states that "current decisions should not impair the prospects for maintaining
or improving future living standards" [Repetto 1985 p. 16]. WCED paraphrased the same
general idea; sustainable development "meets the needs of the present without compromising
the ability of future generations to meet their own needs" [Brundtland op cit]. Tietenberg
phrases it in utility terms, and defines sustainability as non-declining utility [Tietenberg 1984
p. 33]. Pezzey goes further and insists that it is the discounted present value of utility that
should not decline [Pezzey 1989]. Mainstream economists have concemed themselves with
replacing depleted natural resource stocks. For instance, Solow proposed that "an appropriate
stock of capital — including the initial endowment of resources — [be] maintained intact"

21t is unclear what should be meant by "middle class". To put a specific monetary equivalent on it seems futile.
A more functional suggestion might be that the relevant criterion of middle-class-ness is that children do not
contribute to the family income, but rather constitute a financial obligation.
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[Solow 1986]. More recently Solow said: "If `sustainability' is anything more than a slogan
or an expression of emotion, it must amount to an injunction to preserve productive capacity
for the indefinite future. That is compatible with the use of non-renewable resources only if
society as a whole replaces used-up resources with something else" [Solow 1992].
All of these definitions (and others) essentially agree on a single economic measure of welfare
(GNP). They fundamentally assume unlimited substitutability between conventional economic
goods and services that are traded in the marketplace, and unpriced environmental services,
from the stratospheric ozone to the carbon cycle. However, virtually ail environmentalists and
an increasing number of economists explicitly reject the unlimited substitutability view as
simplistic (e.g. [Boulding 1966; Ayres & Kneese 1971; Ayres 1978; Daly 1990]. Similar
critiques have been articulated recently by Pearce and his colleagues [Pearce 1988; Pearce et
al 1989].
The "ecological" criterion for sustainability admits the likelihood that some of the important
functions of the natural world cannot be replaced within any realistic time frame — if ever —
by human technology, however sophisticated. The need for arable land, water and a benign
climate for agriculture is an example; the role of reducing bacteria in recycling nutrient
elements in the biosphere is another. The ozone layer of the stratosphere is a third. The
ecological criterion for long-run sustainability implicitly allows for some technological
intervention: for example, methods of artificially accelerating tree growth may compensate
for some net decrease in the area devoted to forests. But, absent any plausible technological
"fixes", this definition does not admit the acceptability of major climate changes, widespread
desertification, deforestation of the tropics, accumulation of toxic heavy metals and nonbiodegradable halogenated organics in soils and sediments, or sharp reductions in biodiversity, for instance.
The existence of "critical" environmental resources (question #1 above) is not seriously
doubted by most people. The doubters are mostly mainstream economists with a deep faith
in the ability of markets to allocate scarce resources and to call forth technological (or other)
substitutes in response to any perceived scarcity. The weakness of this position is that markets
operate through price signais. But many environmental resources are unpriced. Clearly we
need food, sun, air and water. We also need waste disposai services. All are, at bottom, gifts
of nature. Because they are not "commodities" that can be owned and possessed or physically
exchanged, they have no prices. Moreover, since these services are not produced by human
activity, price signais could not induce an increase in the supply.
Before the beginning of the industrial revolution, some two centuries ago 7 human activities
— on the average — were not really incompatible with a healthy and sustainable biosphere. The
vast majority of humans lived and worked on farms. Land was the primary source of wealth.
Horses and other animais, supplemented by windmills, sails and waterwheels provided
virtually ail power for plowing, milling, mining and transport. The sun, either directly or
through products of photosynthesis, provided virtually ail energy except in a few coal-mining
regions. Metals were mined and smelted (primarily by means of charcoal), but their uses were
almost exclusively metallic rather than chemical. Recycling was normal. Precisely because
wealth was derived exclusively from the land, Thomas Malthus worried at the end of the
6
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eighteenth century about the propensity of human population to grow exponentially, in view
of the limited amount of potentially arable land available for human cultivation.
As we approach the end of the 20th century, humans are far more numerous and also
wealthier (on average) than they were two centuries ago when Malthus wrote. In particular,
those countries that industrialized first, are now comparatively rich. In the rich countries most
people live in cities. Land is no longer the primary source of wealth. Energy (except food)
is largely derived from the combustion of fossil fuels (coal, oil, gas). Power for machines is
obtained mainly from engines driven by heat from (internat or extemal) combustion of fossil
fuels. (Nuclear and hydro-electric power, together, account for a relatively small percentage
of the total). However one key attribute of our recent rise to wealth is critical for the future
of Man: what we have achieved so far has been done by exploiting an endowment of natural
capital, especially topsoil and minerals. For some material resources, technology can offer
viable substitutes. For other resources in the natural endowment — notably the biosphere and
its functions — no substitute is likely.
What is doubted by many non-economists, on the other hand, is whether these essential
resources are truly vulnerable to human interference. The existence of plausible threats to
biospheric stability, even survival, (question #2 above) is by no means obvious. There are two
distinct aspects of the problem. The first is a simple catalog of measures of anthropogenic
intervention with natural processes that self-evidently cannot continue indefinitely
("impossibility theorem"). The second aspect has to do with the essential indeterminacy of the
risk ("Indeterminacy theorem"). These two aspects of question #2 are discussed next.

The Unsustainability of Trends in Energy/Materials Use
"Strength Through Exhaustion" might be the motto of industrial development and economic
growth in the western world since the late 18th century. Figure 1 shows world consumption
of fossil fuels since 1860. Current fossil fuel use is shown in Table I. The present world
population of 5 billion, uses 1.6 tonnes of fossil fuel per capita on average, although people
in the industrialized countries use much more and the poor countries use much less. (In the
U.S. each person uses about 5.5 tonnes).

Table 1: World Energy Consumption (million
metric tons)
Energy

1970

1980

1986

Coal
Lignite
Oil
Gas

2134
791
2275
581

2728
1004
2982
808

3196
1225
2787
924

5781

7522

8132

Data source: UN Industrial Statistics Yearbook
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Figure 1: World primat), energy consumption, 1860-1990.

Materials consumed by the industrial economic system do not physically disappear. They are
merely transformed to less useful forms. Each tonne of fossil fuel bumed results in the
ultimate release of roughly 3 tonnes of CO 2 to the atmosphere, not to mention significant
quantities of sulfur oxides (SO,E) and oxides of nitrogen (N0 x) — the main causes of
environmental acidification. Atmospheric carbon dioxide concentration has increased by about
20% since the last century. Acid deposition has increased by a much larger factor. These
trends cannot continue, if only because the fossil fuels will eventually be exhausted. However,
the environmental impacts of fossil fuel use would almost certainly be intolerable long before
the recoverable fossil fuels could be used up.
Metals are mined and smelted in enormously larger quantities than two centuries ago (Figure
2), and many of their uses are inherently dissipative. Table 2 shows world consumption of
concentrated (or selected metal ores and metals 3. Again, the rich countries use much more,

3 The quantities of ore removed from the earth are normally much larger, but physical separation techniques leave
much of the excess material at the mine, where it is piled up into small mountains, but not put back into the ground.
For instance, copper ores mined in the western in the U.S. contain less than 0.4% copper, whereas concentrates
delivered to refineries average 20% copper. Thus, for every tonne of concentrate, at least 50 tonnes of crude ore were
dug up and processed (by flotation ponds) at the mine. For one tonne of refined copper 250 tonnes of ore are
processed. In some cases the quantities of ore processed are much larger. For example, roughly 140,000 tonnes of
ore must be processed to yield 1 tonne of platinum group metals.
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Figure 2: Annual worldwide production of selected metals from 1700 to 1983.
Source [Pacyna 19861

while the poor countries use much less. Annual production (i.e., extraction) of metals in the
U.S. is more than 1.5 tonnes per capita (down from a maximum of close to 2 tonnes in the
early 1970's. However the decline merely refiects the fact that the U.S. is increasingly
dependent on imported ores or metals. Allowing for ores processed elsewhere, the real U.S.
consumption level is now more than 2.5 tonnes per capita. Each tonne of refined metal
involves the removal and processing of 2-4 tonnes of ore and up to several thousand tonnes
of gangue and overburden, in the case of uranium, platinum group metals or gold. These
figures rise over time as the best grades of ore are used first.
The mining, beneficiation and smelting of metal ores is inherently dirty. Even though modern
technology permits the capture of most toxic waste pollutants from the process, these
materials must still be disposed of somehow. A number of very toxic metals are by-products
of copper, zinc and lead, for instance. These include arsenic, bismuth, cadmium and thallium.
While many of these metals are recovered for use in other commercial products, the products
in question — from pesticides, herbicides, fungicides and wood preservatives to pigments and
batteries — are almost entirely dissipated or discarded after use. (Toxic heavy metals are also
dispersed into the environnent via coal ash, which contains significant quantities of them).
Tables 3 and 4 show emissions data for a number of heavy metals, in comparison with
natural rates of mobilization. While the data are incomplete, it seems clear that anthropogenic
sources already far exceed natural sources.
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Table 2: World Production of Metal Ores 1988 (1000 metric tons)
Gross weight Metal content
(percent)
of ore
Aluminum
Chromium
Copper
Gold (1979)
Iron
Lead
Manganese
Nickel
Platinum group (1979)
Uranium (1978)
Zinc

97660
14000
> 1750000a
170000
953000
1 cd 000b
30500
80000c
30000
1900000
220000b

37.30
32.50
0.50
0.0007
59.00
3.33
28.00
1.00
0.0007
0.002d
3.2

Net weight
of metal

Mine &
mill vaste

36400
4207
8450
1.19
564400
3380
8540
835
0.20
36
7115

61220
10000
> 1740000
170000
390000
98000
22000
79000
30000
1900000
213000

Data source: UN Industrial Statistics Yearbook
a. Extrapolated from US data for 1978 (0.5% grade ore). For surface mines overburden averages 2.5
tons per ton of ore in addition.
b. Total, including overburden, extrapolated from US data.
c. Based on US Bureau of Mines estima:es of the average grade of known reserves. Sulfrde ores
currently being mined are riche, however.
Based on [Barney 19801.

Table 3: Land-based & Atmospheric Contributions to Heavy
Metals in the Waters of the North Sea
Metal

Land-based
(tonlday)

Atmospheric
(tonlday)

Relative contribution
(land/atmosphere)

2.20
0.68
18.30
12.90
17.90
0.18
11.10
86.30

0.63
1.56
1.83
10.80
8.00
0.14
4.30
19.20

3.5
0.4
10.0
1.2
2.2
1.3
2.6
4.5

Arsenic
Cadmium
Chromium
Copper
Lead
Mercury
Nickel
Zinc
Source: [Pacyna 19861

Scrap recovery rates are surprisingly low, even for structural metals. One reputable source has
estimated the 1986 global recovery rate for iron at 23%; for copper and lead it was 38%,
while for zinc only 23% [McLaren & Skinner 1987]. These figures are based on the ratio of
secondary to primary production, which understates the recovery rate slightly, because it
reflects original production levels from an earlier period. However growth in metals
consumption has not been strong in recent decades (because of increasing use of plastics and
other synthetics), so the underestimate is not gross.
10

Robert U. Ayres

May 10, 1993

Table 4: Estimated Annual Global Emissions of Selected Metals
to the Atmosphere, circa 1980
Metal

Human activity
1000 metric tons

Lead
Zinc
Copper
Vanadium
Nickel

2000
840
260
210
98

Chromium
Arsenic
Antimony
Selenium
Cadmium

94
78
38
14
6

Natural activity
1000 metric tons

Ratio: human
to natural

6
36
19
65
28

333
23
14
3
4

58
21
1
3
0.3

2
4
38
5
20

Source [Galloway et al 19821

One reason for the low rate of recycling of metals is that many present-day uses are
inherently dissipative. Examples include metal-based compounds used as catalysts,
electrolytes, algicides, fungicides, bactericides, preservatives, antiseptics, anti-corrosion agents,
anti-knock agents, inhibitors, flame retardants, flotation agents, anti-flocculants, pigments, and
so forth. Corrosion and wear are other causes of dispersion and dissipation. (Unless iron is
protected by paint, it oxidizes at the rate of about 4% per year. But the protective pigments
are often made from more toxic metals like chromium, zinc, or lead). Table 5 illustrates the
extent of the problem of dissipative use.
Another difficulty in closing the materials cycle arises from the sheer complexity of many
products. Automobiles, for instance, involve up to 30,000 different parts, including silicon
chips and other electronic materials, copper wires and radiators, zinc, aluminum, chrome
plating, stainless steel, plastics, textiles, glass and rubber, even platinum group metals are
used in the catalytic muffler. The iron and steel in an old auto body cannot be recycled until
many of these other materials are removed. (Copper, for instance, is an extremely undesirable
trace contaminant in cast iron or steel). The cost of this separation (largely by hand) sharply
reduces the economic value of an old car as scrap. No attempt is made to recover minor
metals such as zinc or chrome, not to mention refrigerant fluids (CFC's), crankcase oil, brake
fluids and the like. The situation is even worse for "white goods" like refrigerators, air
conditioners and washing machines. Items with very Little metal, -like old mattresses,
upholstered fumiture, TV's and — now — even personal computers, are simply discarded into
land fills.
The chemical industry did not exist, in practical ternis, two centuries ago. Today the U.S.
alone produces over 100 million tonnes of synthetic organic chemicals per year (nearly 400
kg per capita). Over 70,000 chemicals are marketed worldwide and 1000-2000 new ones are
added to the list each year. Unfortunately, we do not know, in advance, their potential for
environmental damage, or even damage to human health. No such data exists for five out of
11
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six such chemicals. Six decades ago the class of chemicals known as chlorofiuorocarbons
(CFC's) was first synthesized. These chemicals are inert, non-toxic, non-carcinogenic and
stable over a wide range of temperatures. They seemed ideal for many purposes, from
refrigerants to solvents and foam blowing agents. Yet we now know that the chemical
inertness of the CFC's allows them to diffuse through the atmosphere without being
chemically broken down. CFC's in the atmosphere are the most potent of all the "greenhouse
gases", accounting for as much as 15% of the total effect. Moreover, when CFC's reach the
stratosphere they are destroyed by ultraviolet (UV) radiation, but in the process the resulting
chlorine atoms reacts with and catalytically destroys the ozone which protects the earth's
surface from the dangerous UV.
Table 5: Toxic Heavy Metals US 1980; Emissions of a Metal by Use Category as
a Percent of Total Consumption of that Metal
Arsenic

Cadmiante)

Chromium

Copper

0.27% < 0.01%

< 0.01%

0.06%

0.50%

7.64%
6.51%

0.06%
2.50%

Silves

Metallic uses (except coatings & electrical)
Protective coverings
Plating & coating
Pattus & pigments

(a)

Electrical uses
Batteries & equipment
(ber electrical uses
Cheminai uses
Industrial catalyse, reagents, etc.
Consumer uses; additives, etc.

0.05%
0.22%

0.01%

2.50%
16.00%

2.50%

Biocidal poison uses
Agricultural pest-, berb-, fung- icides
Non-agricultural pesticides except medical

15.00%
30.00%

Medical, dental, pharmacentical

0.50%

Miscellaneous N.E.C.

0.15%

Total

19.7%

Data source: [Ayres et al 19881

(a) Included in first row

9.84%
0.88%

0.44%

1.63%

Zinc

0.10%

0.04%

3.96%

0.70%
6.20%

0.70%

0.01%

0.19%

20.70%

0.20%
1.49%

0.40%

0.01%

0.80%
11.88%

0.01%
0.02%

0.42%

0.08%

0.05%

0.83%

16.3%

4.5%

(b) 1979

Lead

0.50%
0.15%

0.10%

47.6%

Iticrcury(c)

0.7%

035%

0.11%

44.9%

4.9%

8.8%

(c) 1977

Other synthetic chlorinated compounds, including pesticides (DDT, Chlordane, Endrin,
Dieldrin, etc) and PCB's were once thought to be wonder chemicals. We now know that they
survive almost indefinitely in the environment, causing damage to species far distant in time
and space. For instance, DDT residues nearly caused the disappearance of the Sea Eagles, and
some other species of fish-eating birds, as a result of weakening their eggshells. Even though
chlorinated pesticides have now been banned, each year 20,000 to 40,000 deaths are caused
by pesticide poisoning, mostly among farmers in the third world, according to the WHO. But
agriculture is caught in a vicious circle: pests become immune to chemical pesticides within
a few years (Figure 6), resulting in a need for still more toxic materials. These new materials
appear on the marketplace far more quickly than they can be adequately tested. Indeed,
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"every known recent analysis of environmental samples from potentially still uncontaminated parts of the world showed traces of man-made chemicals, be that in deep ocean
fish, well waters in the Provence, or snow in the Antarctic" [Schmidt-Bleek et al 1990].

Clearly, a large fraction of the materials extracted, processed and consumed by humans are
dissipated irretrievably into the environment. Many of these materials are hazardous or toxic.
This is particularly true of products of the chemical industry.
In addition to the excessive use of fossil energy and metals, other adverse and unsustainable
trends are worth noting. Deforestation continues and appears to be accelerating, especially in
the tropics. Species diversity tends to decline in proportion to deforested area . Meanwhile
fuelwood is becoming acutely scarce in more and more areas of the world. Topsoil is being
lost at an increasing rate, largely as a direct consequence of deforestation. Intensive
agriculture causes other problems, apart from the problem of pesticides. One of them is
increasing emissions of methane, second only to carbon dioxide as a greenhouse gas, due
mainly to anaerobic processes in wet rice cultivation and in the intestines of cattie and sheep.
Intensive use of synthetic fertilizers has unfortunate consequences, one of which is emission
of nitrous oxide (N20), another greenhouse gas. Groundwater is being used up, and what is
left is being polluted. Meanwhile, water consumption continues to rise, even on a per capita
basis.
In short, despite the flood of "green" rhetoric in western politics and commerce, the technoeconomic system of mankind is on an unsustainable trajectory. Our entire economic system
("industrial metabolism") operates on an open cycle: it "ingests" high quality natural resources
("food") in the form of resources that can be extracted from the earth's crust. Its metabolic
processes convert this substance into "finished" fuels and structural materials. A small amount
is embodied in long-lived structures and artifacts. The bulk of the materials used by our
industrial society quickly becomes a waste that must be "excreted". It is important to realize
that no living organism can live in an environment too heavily contaminated by its own
wastes; its wastes are toxic, by definition. Similarly, our industrial society cannot survive in
an environment too heavily contaminated by its waste products.
Not only is the open cycle wasteful of resources, in the most fundamental entropic sense. It
is unsustainable as a system. The biosphere is a sustainable system. It includes a range of
organisms in a complex interaction. There are primary producers (green plants) which capture
the sun's energy in chemical form. There are grazers that utilize plant material to support
more complex functions. There are predators who live off the grazers. There are parasites that
live on other living organisms and decay organisms which recycle the dead bodies of other
creatures. The so-called nutrient cycles — the carbon cycle, nitrogen cycle and sulfur cycle —
are "cycles" precisely because of the activities of these micro-organisms.
To be sustainable in the long run we need to close the industrial materials cycle. The eventual
exhaustion of natural resources is a matter of some concem. But it is not the primary reason
for this imperative. Rather, the immediate problem is the unsustainable buildup of waste
products in our environment. Since the major part of these waste products arise from the use
of fossil fuels, the present trend toward increasing dependence on fossil fuels must be
reversed. Similarly, the buildup of toxic and hazardous wastes from mining and manufacturing
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not to mention consumption — must also be reversed. This means that disposai or wastes
into some environmentai sink (air, water, land) cannot continue indefinitely. Instead, to
approach sustainability, the industrial system will have to eliminate waste per se by using
wastes as raw materials.

Indeterminacy Theorem: Impossibility of Computing the Odds
The second fundamental question (#2) stated at the outset can be rephrased: Is there any
credible risk near-term threat to the habitability of the earth? By near-term, say a century.
This is a very deep question indeed. If the answer is 'yes' — as argued in this paper — it raises
another critical question on which reasonable people can differ. The second question lying
behind the first one is this: should we defer taking actions that might have economic costs
(at least to some sectors) in the hope that further research will reveal that the threat is
overstated or non-existent? Needless to say, those likely to be affected adversely by
restructuring changes — especially the extractive industries — will tend to argue vociferously
for delaying any serious action until more research is done. Scientists, too, are usually in
favor of more research. Both these groups are influential. Hence, the argument for delay is
likely to prevail indefinitely, or until there is "indisputable" evidence of the seriousness of the
problems.
A case in point: the scientific predictions of ozone depletion between 1974 and 1984 were
countered by protracted arguments for delay by the affected industries. It was only after the
discovery of the "ozone hole" that the resistance crumbled and the Montreal Protocol was
adopted.
Unfortunately, in some cases indisputable evidence may not be available until it is too Tate
to reverse, or prevent, major damage. Indeed, the damage itself may be the only convincing
evidence. For example, the skeptics about climate warming may not be convinced until the
average temperature of the earth has risen by half a degree or so (with accompanying sea
level rise). By that time, hundreds of thousands of hectares of low-lying land may have
become unproductive or uninhabitable, and hundreds of thousands of peasants in Bangladesh
or Indonesia may have been killed by floods. Thus it is particularly important to state clearly
the case for not waiting until the evidence is "indisputable". It is also important to develop
clear and defensible criteria for (1) when looking is better than leaping, and (2) when it is
time to stop looking and leap.
First, a quick review of the case for believing there may be a real threat to survival. Most
people who have never thought deeply about the matter tend to assume that life is a passive
"free rider" on the earth. In other words, most people suppose (or were taught) that exists on
earth simply because earth happened to offer a suitable environment for life to evolve. They
imagine that earth was much like it is now (except for more volcanic activity) before life
came along, and that if life were to be snuffed out by some cosmic accident — say a massive
solar flare — the animais and plants would disappear, but the inanimate rivers, lakes, oceans
and oxygen-nitrogen atmosphere would still remain much as they are today.
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The above quasi-biblical vision is rot in accord with the scientific evidence. It is true that life
probably originated on earth (though some scientists speculate that the basic chemical
components of all living systems may actually have originated in a cold interstellar cloud
[Hoyle & Wickramasinghe 1978]. However life certainly evolved on earth. The earliest living
organisms appear to have been capable of metabolizing organic compounds (such as sugars)
by fermentation, to yield energy and waste products such as alcohols. The organic (but nonliving) "food" for there simple organisms was created by still-unknown processes in a highly
reducing environment. The composition of the atmosphere of the early earth cannot be
reconstructed with great accuracy, but it undoubtedly contained methane, ammonia and other
hydrogenous gases, along with water vapor carbon-dioxide. There was certainly no free
oxygen. It is less certain, but possible that no free nitrogen present. Life would have
disappeared as soon as the supply of "food" was exhausted, if it had rot been for the
evolutionary "invention" of photosynthesis.
The first photosynthetic organisms converted carbon-dioxide and water vapor into sugars, thus
replenishing the food supply. But they also generated free oxygen as a waste product. For a
billion years, or so, the free oxygen produced by photosynthesis was immediately combined
with soluble ferrous iron ions dissolved in the oceans, yielding insoluble ferric iron. This was
deposited on the ocean floors — which eventually rose. (Virtually all commercial iron ores
now being mined by humans are of biological origin). When the dissolved ferrous iron was
used up, oxygen began to build up in the atmosphere. As a metabolic waste product, oxygen
was toxic to the anaerobic organisms that produced it. Again, there was a threat of selfextinction.
Once again, an evolutionary "invention" came to the rescue. This was the advent of aerobic
respiration, which utilized the former waste product (oxygen) and also increased the efficiency
of energy production seven-fold over the earlier fermentation process. Aerobic photosynthesis
followed, thus closing the carbon cycle (more or less) for the first time. This occurred less
than one billion years ago, though life has existed on the earth for at least 3.5 billion years.
But the carbon cycle and the earth's atmosphere did rot stabilize for several hundred million
more years. The free oxygen in the atmosphere exists only because large quantities of carbon,
with which it was originally combined, have been sequestered in two forms: (1) as calcium
carbonate, in the shells of tiny marine organisms (where they later reappear as chalk,
diatomaceous earth, or limestone) or (2) as coal or shale. The carbon sequestering process
took place over several hundred million years — a period culminating in the so-called
carbonaceous era — during which the carbon-dioxide content of the atmosphere declined
to its present very low level. In addition, sulfur has been sequestered, primarily as metaliic
sulfides. Similarly, though somewhat less certainly, the free nitrogen in the earth's atmosphere
was probably originally combined with hydrogen, in the foret of ammonia. Whereas the
carbon has mostly been buried, the missing hydrogen has probably diffused gradually out into
space.
The early atmosphere and hydrosphere of the earth were quite alkaline compared to the
present, because of the ammonia. The hydrogen-rich reducing atmosphere of the early earth
has been replaced by an oxygenating atmosphere; the hydrosphere is correspondingly more
acid than it once was before life appeared. The biosphere has stabilized the atmosphere (and
the climate), at least for the last several hundred million years, as indicated by Figure 3. If
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ail life disappeared suddenly today, the oxygen in the atmosphere would gradually but
inexorably recombine with free carbon and sulfides (converting them eventually to carbon
dioxide and insoluble carbonates, silicates and sulfates). Water would be mostly bound into
solid minerais, such as gypsum (hydrated calcium sulfate). This oxygenation process would
also further increase the acidity of the environment, until ail possible spontaneous chemical
reactions had taken place.
The chemical composition of the earth's atmosphere and the oceans in thermodynamic
equilibrium has been calculated by Sillen [Sillen 1967]; see also [Lovelock 1979]. The
calculated composition is very similar to that which would be inferred by taking a weighted
average of the known conditions on Venus and Mars. The atmosphere would consist mainly
of carbon dioxide. See Table 6. The final state of thermodynamic equilibrium would be
totally inhospitable to life. (For one thing, the temperature would rise to around 300 degrees
Celsius). Once dead, the planet could never be revived.

Table 6: The Stabilizing Influence of the Biosphere (Gaia)
Reservoir

Substance

Atmosphere

Nitrogen
Oxygen
CO2
Argon

78%
21%
0.03%
1%

0%
0%
99%
1%

Hydrosphere

Water
NaC1
NaNO3

96%
3.4%
—

85%
13%
1.7%

Temperature

Degrees Celsius

Pressure

Atmospheres

Actual world

Ideal world I

Ideal world II
1.9%
trace
98%
0.1%
? Not
? much
? Water

13

290 ± 50

290 ± 50

1

60

60

Note: Life is impossible if average temperature is ton high for liquid water, or if salinity exceeds 6%.

The point of the above capsule history of the earth is that our planet is, in reality, an
extraordinarily complex interactive system in which the biosphere is not just a passive
passenger but an active element [Lovelock 1972, 1979]. It is important to establish that the
earth (atmosphere, hydrosphere, geosphere, biosphere) is a self-organizing system (in the
senne popularized by Prigogine and his colleagues, e.g. [Prigogine & Stengers 1984]), in a
stable state far from thermodynamic equilibrium. This system maintains its orderly character
by capturing and utilizing a stream of high quality radiant energy from the sun. Living
organisms perform this function, along with other essential functions such as the closure of
the carbon cycle and the nitrogen cycle [Schlesinger 1991].
Complex systems stabilized by feedback loops are essentially non-linear. An important
characteristic of the dynamic behavior of non-linear systems is the phenomenon known as
chaos. Such systems are characterized by trajectories that move unpredictably around regions
of phase-space known as strange attractors. "Stability", for such a system means that the
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Figure 3: Stabilization of the biosphere.

trajectory tends to remain within a relatively well-defined envelope. However, a further
characteristic of non-linear dynamic systems is that they can "jump" — also unpredictably —
from one strange attractor to another. (Such jumps have been called "catastrophes" by the
French mathematician Rene Thom, who has classified the various theoretical possibilities).
The resilience of a non-linear dynamic system — its tendency to return to its original state
— is not determinable by any known scientific theory or measurement. In fact, since the
motion of a non-linear system along its trajectory is inherently unpredictable (though
deterministic), one must conclude that the resilience of the system is, in fact, unknowable. It
is like a rubber band whose strength and elasticity we have no way of measuring.
The climate of the earth, with its feedback linkages to the biosphere, is a non-linear complex
system. It has been stable for a long time. However, there is no scientific way to predict just
how far the system can be driven away from its stable quasi-equilibrium by anthropogenic
perturbing forces before it will jump suddenly to another stable quasi-equilibrium. Nor is there
any way to predict how far the equilibrium will move if it does jump. The earth's climate,
and the environment as a whole, may indeed be very resilient and capable of absorbing a lot
of punishment. Then again, it may not. Figure 4 illustrates the dilemma.
What can be gained by more research? Probably we can learn a lot about the nature of the
earth-climate-biosphere interaction. We will leam a lot about the specific mechanisms. We
will leam how to model the behavior of the system, at least in simplified form. We will leam
something about the stability of the models. We may, or may not, leam anything definitive
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Figure 4: A risky experiment.
about the stability of the real system. The real system is too complex, and too non-linear, for
exact calculations. There is no prospect at all of "knowing the odds" and making a rational
calculation of risk. The problem we face is that the odds cannot be calculated, even in
principle. In the circumstances, prudence would seem to dictate buying some insurance. The
question on which reasonable people can differ is: how much insurance is it worthwhile to
buy? The answer depends, in part on the technological alternatives.

The Compatibility of Sustainability and Economic Development
The third debatable question is #6: Is there any fixed materials/energy requirement to produce
useful goods and services for humans? Are there fundamental limits to the amount of service
(or welfare) that can be generated from a given energy and/or material input? If there is no
such limit, then energy intensities and materials intensities can be reduced indefinitely; there
can be no fixed relationship between primary energy or materials requirements and GNP.
The deeper question underlying this rather technical question is whether economic growth per
se is, or is not, fundamentally compatible with a clean and ecologically sustainable
environment. Paraphrased in less abstract language, the question is whether sustainability is
technically feasible for a stable population of 10 or 15 billion people living with "middle
class" (or higher) standards of living in the very long mn (say, by the end of the next
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century)? This question, as such, is hardly new. The negative position has been strongly and
somewhat dogmatically asserted in the past by some environmentalists of the "no growth"
school, notably Paul Ehrlich [Ehrlich 1968; Ehrlich & Ehrlich 1970], and Barry Commoner
[Commoner 1971, 1976]. Most economists, however, did not and do not subscribe to this
view, at least in its original (simplistic) form.
The main argument adduced by economists against the neo-Malthusians (e.g. Meadows et al)
was, and is, that, given the right incentives — prices — and time enough, technology is capable
of finding a way to avoid essentially any physical resource bottleneck, as long as the product
or service in question is produced and exchanged within the competitive market system. In
fact, if this condition is met there is, in principle, no theoretical maximum to the quantity of
final services — i.e., economic welfare in the traditional sense — that can be produced within
the market framework from a given physical resource input [Ayres & Kneese 1989]. It
follows, too, that, there is no physical limit (except that imposed by the second law of
thermodynamics) to the theoretical potential for energy conservation and materials recycling.
This restatement is actually critical to the fundamental case for optimism today. However, is
not a "mainstream" view among engineers and "men of affairs", or even economists, at
present. In common with WCED, virtually all economists would regard continuing economic
growth as both necessary and possible. However, that economic growth can be permanently
"delinked" from energy and materials use is far from universally accepted. (In short, most
economists and business leaders have not thought through the consequences of their
assumptions). In fact, something like an "existence proof' is needed, to demonstrate that there
are feasible technologies which, if adopted, could end our current dependence on fossil fuels
and substantially close the materials cycle.
This is still an area of sharp disagreement. The extractive industry argues strongly: "No doubt
about it, we all need to be careful of the amount of energy we use. But as long as this
nation's economy needs to grow, we are going to need energy to fuel that growth....For the
foreseeable future, there are no viable alternatives to petroleum as the major source of
energy....Simply put, America is going to need more energy for all its people" [Mobil Corp
"Public Service" Advertisement in the New York Times, April, 1991]. In other words, the
conventional position is that economic growth cannot occur without more energy — i.e., a
fixed relationship does exist.
In principle, any such fixed relationship between energy/materials use and economic activity
would be quite inconsistent with fundamental axioms of economic theory, which assume
general substitutability of all factors of production. Economists who are quick to attack neoMalthusians for unjustified worry about natural resource scarcity should be equally optimistic
about the potential for energy savings by increased conservation. Unfortunately, many
economists seem to be more influenced by another axiom — that the economy is in (or near)
equilibrium and does reflect the most efficient (i.e., least-cost) choices of technology. If this
were true, energy conservation should cost more money ("there is no free lunch"). This view
seems to be supported by econometric data, based on historical responses of energy demand
to price changes, which indicate that higher prices encourage lower consumption, and vice
versa.
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It happens to be convenient to incorporate this set of assumptions in long term forecasting
models based on the assumption of a quasi-general equilibrium varying slowly along an
optimal path, over time [e.g. Manne & Richels 1991; Jorgenson & Wilcoxen 1990, 1990-a].
However, such models do not — and canot — reflect the endogenous nature of technological
change. How can an optimal path be determined that takes into account unpredictable
technological change? Nor do these models reflect the distortions due to institutional barriers
and "wrong" prices. For this reason, the underlying methodology of shadow price determination and long-terni discounting must be thoroughly reconsidered. (See next section).
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Figure 5: Long-term trends in energy intensity.

The other side of the argument is that energy savings of considerable magnitude can be
achieved with money savings i.e., at a profit. To explain this, it is argued that industry and
consumers have not always chosen the optimal energy technologies, even at present (too low)
prices. Entrenched oligopolies or monopolies, established regulatory bodies, institutional
separation between technological decision-makers and final consumers who pay the costs, lack
of technical information are the most likely reasons. (See, for instance, [Sant 1979; Lovins
et al 1981; Goldemberg et al 1987; Ayres 1990; Mills et al 1991]). Inappropriately low prices
due to subsidies (e.g. to coal mining and nuclear power) only compounds the problem.
Optimism in regard to the potential for energy/materials conservation — or increasing
energy/materials productivity — is also justified by recent history. The E/GNP ratio has been
declining more or less continuously for many decades in the case of the advanced
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industrialized countries (Figure 5). Past experience suggests that this ratio tends to increase
for countries that are in the early stages of industrialization, only to decrease later. Moreover,
countries industrializing later have lower peaks than countries that industrialized earlier.
Lower energy intensity reflects the shift from heavy industry to "high tech" and services. The
trend would almost certainly continue in any case. It can probably be accelerated significantly
by appropriate policy changes.
The Energy/GNP ratio is closely related to the thermodynamic efficiency with which the
economy uses energy. For this purpose, it is convenient to define the so-called "second law"
efficiency with which energy is converted from primary sources to final services 4. Electricity
is currently generated and delivered to homes with an overall efficiency of about 34% in the
U.S. This figure has increased only slightly in recent years. Efficiency in LDC's is
significantly lower, implying greater room for improvement. Energy experts generally agree
that by the year 2050 this might increase to something like 55-60% for steam-electric plants,
taking advantage of higher temperature (ceramic) turbines, combined cycles, co-generation,
etc.
Energy is currently used very inefficiently to create final services, as compared to the first
stage of energy conversion and distribution. The problem is that energy is lost and wasted at
each step of the chain of successive conversions, from crude fuels to intermediates, to finished
goods, to final services. For instance, incandescent lights (converting electricity to white light)
are only 7% efficient (fluorescent lights are better). Moreover, lighting fixtures are typically
deployed very inefficiently (c.10%) so that the final service (illumination where it is actually
needed) is probably less than 1% Electricity may be used less wastefully than fuel, although
this is doubtful since many end-uses of electricity are extremely inefficient from a second-law
perspective.
Second-law end-use efficiency has recently been estimated at 2.5% for the U.S. as a whole
[Ayres 1989]. This means that, in principle, the same final services (heat, light, transport,
cooking, entertainment, etc.) could have been obtained by the expenditure of only 1/40 as
much energy as was actually used. Western Europe and Japan are significantly more efficient
(in the second-law sense defined above) than the U.S. Both regions are in the 4% range, while
Eastern Europe, the Soviet Union, and the rest of the world are even less efficient than the

The "second law" efficiency of any process is defined as the ratio of the minimum amount of energy
theoretically needed for the process to the energy actually used. It can be defined consistently, in principle, for any
process (given a suitable convention on the treatment of co-inputs and by-products), although actuel numerical
determination can be difficult in some cases. It must be pointed out that there is another widely used definition of
efficiency, namely the ratio of "useful" energy outputs to total energy inputs. In some cases, such as electric power
generation, the two definitions are equivalent. However in other races (such as heating units) there is a very big
difference. Gas fumaces are often advertised as having "efficiencies" up to 90%, which merely means that 90% of
the heat is "useful" and only 10% is lost up with the combustion products. However, it often happens that the same
amount of final heating effect could have been achieved with much less energy expenditure (e.g. by means of a "heat
pump"). In this sense, most heating systems are actually very inefficient.
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U.S. — perhaps 1.5-2% [Bodda et al 1991; Schipper 1989]5. For the world as a whole, it is
likely that the overall efficiency with which fuel energy is used is currently no greater than
3-3.5%. But there is no fundamental technical reason why end-use efficiency could not be
increased by several-fold (perhaps as much as a factor of 5) in the course of the next century.

Do Technically Feasible Sustainable Solutions Exist?
To attempt an "existence proof' of at least one feasible solution, the technical implications
of long run sustainability must be spelled out more precisely. As noted already, agricultural
and industrial activity today is almost entirely dependent on fossil fuels (and also on
dissipative uses of toxic chemicals and heavy metals) whose extraction and use harm the
environment. This pattern is clearly incompatible with long-term sustainability. Hence, for
purposes of the proposed research the following hypothetical necessary (but not sufficient)
conditions for long-term sustainability might be tested:
(1)

No increase in the atmospheric concentration of "greenhouse gases" (beyond some
limit yet to be determined).

(2)

No increase in environmental acidification (hydrogen ion concentration) in surface
waters and soils (beyond some limit).

(3)

No increase in toxic heavy metal concentrations in soils and sediments (beyond some
limit).

(4)

No further topsoil erosion, beyond the rate of natural soil formation.

(5)

No further degradation of groundwater with nitrates and nitrites; no further drawdown
of "fossil" (non-replaceable) groundwater.

(6)

Preservation of (most of) the remaining tropical rain-forests, estuarine zones, coral
reefs, and other ecologically important habitats. No further disappearance of species.

To satisfy these conditions, several straightforward implications can be drawn. Among them
are the following:
Use of fossil fuels must drop to very low (and declining) levels by the middle of the
next century;
(ii) Agricultural, forestry and fishery practices must be radically overhauled and
improved, with much less dependence on chemicals and mechanization;
5Note that efficiency of use is quite independent of the amount of use. The U.S. uses by far more energy per
capita than India, for instance, because it receives more energy services. But many energy using activities in India,
from electric power generation to cooking, nevertheless tend to be considerably less efficient than their western
counterparts.
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(iii) Net emissions to the environment of long-lived toxic chemical compounds (especially
compounds of the toxic heavy metals and halogenated organics) must drop to near
zero levels by the middle of the next century, or so.
It is obviously not possible to describe, in detail, technology based on discoveries and
inventions that still lie in the future, perhaps a century hence. However, the constraints
imposed by the definition of sustainability limit the range of possibilities worth exploring
considerably. In addition, it is possible to carry out a major part of the analysis in terms of
macro-scale indicators of technological performance that could be achieved in many different
ways.
For example, it is clear that sustainability requires much more efficient use of energy in the
future than we observe today. Some improvement will occur as a direct consequence of the
fact that electricity is displacing other energy carriers, because of its convenience and
cleanliness at the point-of-use. Electric space-heating can be quite economical (using heat
pumps), especially in properly insulated buildings. (However, effective means of recycling
refrigerant fluids will be necessary). Microwave cooking is so much faster and more efficient
than its competitors (gas or electric ranges) that it is rapidly spreading anyhow.
Substitution of electric power for other fuels for space heating, hot water and cooking can and
will occur more or less quickly, assuming appropriate price incentives. There are no
technological barriers. Most energy needs except for transportation can be supplied by
electricity. Very long distance high voltage lines — or possibly superconducting lines — could
distribute power around the globe, and even under the sea. Orbiting solar satellites, or lunar
PV fars transmitting energy to earth via satellite are a possible variant. Nuclear power
(fission or fusion) cannot be ruled out of consideration. However both variants involve long
term storage of radioactive wastes, not to mention other major costs that continue to escalate.
Thus, nuclear options would probably be less attractive in the very long run than the solar
option.
Most mobile power sources at present (except for the few electric trams or trains) depend on
liquid fuels derived from hydrocarbons. Up until the present time, centrally generated and
wire-distributed electric power has not been economically attractive for mobile power,
although it is technically feasible for local deliveries and commuting. Middle East petroleum
will finally approach exhaustion around the middle of the next century (or sooner). It seems
probable that electric vehicles (for short distances) will finally become economically
competitive with any coal-based synthetic fuel, especially if coal is made to bear anything like
its real environmental costs. There seems little doubt today that, sooner or later, the electric
car will play a bigger role.
The fact that gasoline-burning vehicles are becoming increasingly intolerable in large cities
suggests a plausible mechanism for this to come about: large cities plagued by traffic
congestion, noise and smoggy air may begin to create "car-free" zones in their centers,
permitting only small electric cars (as some lakes already permit only electric boats). At first,
the electric cars will be found largely in these zones. But, these same central zones will also
be accessed by high-speed electric (probably "mag-lev") intercity trains, which will finally
begin to reverse the auto-induced suburban sprawl of recent decades. As time passes, the
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electric vehicles will get better and cheaper, the "electric" zones will spread to the suburbs,
and eventually gasoline (or synfuel) powered ground vehicles will be essentially limited to
rural use. By the second half of the next century electric vehicles may be able to extend their
range by using automated mag-lev pallets along major intercity routes.
Electrification is only part of the solution. As suggested above, sustainability implies reliance
mainly — if not entirely — on renewable sources of energy. In principle, the energy could
easily be supplied by the sun, as combustible biomass, as direct heat for buildings, as heat
to operate engines, or via photovoltaic cells. The latter, in turn, could generate hydrogen by
electrolysis. (There are other possibilities too, including geothermal heat and nuclear fusion).
The most likely solution seems to be a combination of wind power for irrigation water pumps,
direct solar heating or "district heat-pumping" using waste heat from high temperature
industrial processes to supply warm water for many buildings, and electrolytic hydrogen as
a fuel for aircraft.
To eliminate waste by converting it into raw materials is another technological and economic
challenge of the next half century. To accomplish this structural change we need to create a
whole new class of economic activities — the equivalent of decay organisms in an ecosystem
— to capture useful components, compounds and elements and re-use them. In other words,
the linear raw material-process-product chains characteristic of the present system must
ultimately (within the next century, or so) be converted into closed cycles analogous to the
nutrient cycles in the biosphere [Ayres 1989; Frosch & Gallopoulos 1989]. This new class of
activities will have to gradually replace the extractive activities and waste disposal activities
that are characteristic of the current system.
There are three elements to this long-term program. The first is to reduce, and eventually
eliminate, inherently dissipative uses of non-biodegradable materials, especially toxic ones
(like heavy metals). The second is to design products for easier disassembly and reuse. The
third is to develop much more efficient technologies for recycling consumption waste
materials, so as to eliminate the need to extract "virgin" materials that only make the problem
worse in time.
It is not easy to point to a long term trend in regard to recycling/re-use. Indeed, the increasing
complexity of both materials and products has made recycling and re-use more difficult in
many cases. For instance, old wool clothes were once routinely collected by rag-merchants
and recycled (alter a complicated process of washing, unpicking, bleaching, re-spinning, reweaving and re-dyeing) into blankets and pea-coats. Today, because of the prevalence of
blends of natural and synthetic fibers, recycling is almost impossible. Mucftthe same problem
occurs in many other cases. To increase re-use and recycling, it may be necessary to induce
manufacturers to sell services, rather than products, and/or to take back products they have
previously made.
Re-manufacturing avoids many of the problems of re-cycling. This is not an important
economic activity at present. However, it will probably grow, especially as the shortage of
landfill sites induces municipal authorities (or, perhaps original equipment manufacturers
forced by law to accept trade-ins) to offer subsidies. Remanufactured refrigerators, cars (or
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engines), and other large appliances can offer a good low-priced alternative to low income
workers in the rich countries, or they could fill an important economic niche in the developing
countries. Actually, since re-manufacturing will always be more labor-intensive than original
equipment manufacturing (OEM), it is inherently a suitable activity for border regions such
as Mexico, Eastern Europe or North Africa. (As these countries develop, of course, the
"border regions" will shift too).
In the case of municipal wastes (mostly paper products and containers), recycling is already
increasing in importance. Again, the shortage of land for disposai is mainly responsible.
More efficient technologies for separating materials will certainly be developed in coming
decades. In any case, there is no technical reason why the recycling/re-use rate for most types
of materials should not be dramatically increased from the low levels of today. This will
happen, eventually, when material prices better reflect the true environmental costs of both
extraction and use.
It is not really necessary to know in detail how this will be accomplished. It is sufficient to
know that it is technically and economically feasible. (It remains, still, for policy makers to
create the appropriate incentives to harness market forces. But this is a separate topic). Of
course, specific "scenarios" might be helpful in making such a conclusion more credible to
doubters. However this would serve a communications purpose rather than an analytic one.

Finding the Least-Cost (Least Pain) Path
Assuming the existence of a collection of potential technological "fixes" the next question
follows: is there a feasible political/ institutional pathway to get from "here" to "there"?
What, in particular, is the role of economics? This question can be rephrased to make the
underlying problem clearer. Assuming technical and economic feasibility, it is reasonable to
assume political feasibility if (and only if) there exists a painless (or near-painless)
development trajectory, such that each incremental socio-economic change leaves every
interested party better off — or, at least no worse off — than before. Along such a path there
must be very few or no losers. Everybody gets richer more or less automatically. This is
called a "win-win" strategy, in the language of game theory. In more literary terms, it might
be termed a Panglossian path. To find such a path, here are some research questions that
could be added to the original list of six:
(7)

What are the undervalued environmental services? How can monetary values for them
be estimated? How much would the "right" prices differ from present market prices
of materials and energy, if the theoretical "polluter-pays" principle were to be fully
implemented? If environmental services were realistically valued in monetary terms,
and if natural resources were realistically priced and depletion was properly taken
into account, how much would GNP be changed? Is this feasible?

(8)

What is the "correct" discount rate (or the appropriate methodology for determining
it) for evaluating future gains and losses in comparison with current ones? Should
discount rates be different for income producing investments vis a vis environmental
protection expenditures, for example?
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(9)

How can economic instruments be used to discourage ecologically undesirable
activities at the national level, without compromising growth? Would a shift of tax
base away from labor and consumption to resource use have a pro-growth impact?
Would it be possible to implement resource taxes at the national level without
compromising the principles of free international trade? If there is a conflict, which
set of principles should prevail on economic grounds?

(10) What are the least cost policy options? In particular, are there "win-win" strategies?
How can economic policies — such as "eco-taxation" — be "packaged" to create
political constituencies?
It need hardly be said that most elected officiais in most countries are committed (at least in
public) not only to the existence of such a painless development trajectory, but to the idea that
we are already moving along it, thanks to the "invisible hand" of the free market. According
to this comforting view, (which, it must be said, is supported by many mainstream
economists) market forces left to operate with minimal government intervention will
automatically induce the necessary technological responses. The latter (it is assumed) will
compensate for graduai resource exhaustion and environmental degradation. The alternative
is extremely difficult to contemplate.
Yet a painless pathway to an ecologically sustainable future may not exist! The present path
is one in which virtually ail of the trends are clearly in the wrong direction (see next section).
Energy use, exhaustible resource use, erosion, toxic pollution and waste are ail increasing
globally. The underlying reason, as understood by resource/environmental economists, is that
exhaustible resource prices are much too low. This is because they only reflect costs of
discovery and extraction, and perhaps some "scarcity rent". However, they do not reflect
downstream environmental damages or costs, as — in a perfect free market — they should.
To fix the problem of unsustainable growth, based in the past on "strength through
exhaustion", means changing economic incentives by setting the "right" prices. In practice,
this means significantly increasing the prices of those virgin raw materials which cause
downstream environmental damage. Radical price increases in raw materials would be passed
on to manufactured products and some services (such as transportation). There could be
inflationary effects and major structural shifts would certainly occur (including increased use
of non-fossil energy sources and recycled materials). All of this would be painful, at least to
some sectors of society.
In the absence of central planning and direct price-setting by decree — which doesn't work
well in practice — prices are best set by some sort of competitive market. But the prices are
wrong because the market is imperfect. To intemalize the externalities, governments can try
to eliminate the cause of the problem by environmental regulation or standard-setting. But this
approach allocates costs inefficiently in terms of getting the maximum "bang for the buck".
In fact, the highest relative costs are likely to be imposed on the smaller polluters whose
ability to contribute to the solution is least. The main alternative is to use emission-based or
resource-based taxes or exchangeable permits, as a method of intemalization. As it happens,
for both direct regulation via standard-setting and the use of emissions taxes or permits, there
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is a role for bureaucracy. On the one hand, bureaucrats must determine the standards; on the
other hand, they must set the scale of fees or fix the allocation of permits. In both cases,
govemments must also monitor the effects and enforce the law.
It is already clear that several conditions must be met for a viable policy-mix. One condition
is administrative simplicity. Another is effectiveness of implementation and enforcement. In
this regard, the "command and control" approach to environmental protection — which is the
predominant pattern in most countries today — suffers from the fundamental problem
associated with all centralized planning systems. It requires too much information, becomes
too bureaucratic and depends too much on the rather blunt tool of legal enforcement by
prosecutors.
Because of its several inherent weaknesses, the centralized "command & control" type of
system is usually inefficient. It also tends to encourage corruption. Yet, there are a few
situations where this approach has worked quite well, as for instance the effective bans on
chlorinated pesticides, PCB's, leaded fuel for motor vehicles, and now CFC's. Outright bans
might be applicable in some other cases in the future, e.g. to phase out other dissipative uses
of specific toxic or carcinogenic materials.
However, it is plausible that economic incentives operating through the price system and the
free market can and will play a much larger role in the future than they have up to now. It
is painfully clear that the threat of punishment by law is not very effective at molding social
behavior when the economic incentives are in direct opposition to the law — as in the area of
alcohol and drug abuse. Social behavior can be changed most effectively when legal and
regulatory tools are backed up by incentives that operate through the price system and the
market mechanism6. The basic idea is for govemments — at various levels — to intervene by
imposing taxes, fees or fines to increase the costs of socially — i.e. environmentally —
undesirable activities. In some (few and rare) cases, govemments may offer subsidies to
decrease the costs of desirable activities, or to ease the pain of conversion.
In the environmental context, all extraction and dissipative use of fossil fuels and toxic metals
of other materials are basically undesirable. Hence, in principle, they should be taxed. (This
is the most effective way of implementing the so-called "polluter pays principle" or PPP). On
the other hand, desirable activities, such as adding value by human labor or capital
investment, should not be taxed. Economists worry a great deal about "optimum taxes" on
emissions, but they do not seem to worry much about optimum taxes on labor (perhaps
because the optimum tax in this case is normally zero).
What if a truly painless ("win-win") path does not exist, or cannot be found? In this case, to
get from our present techno-economic state to one capable of permanent sustainability — even
by the "least pain" route — significant short-term adjustment costs must eventually be borne
6 Admittedly, it appears inconsistent to impose a tax on activities that are undesirable or illegal. Environmentalists
have, in the past, complained that a tax on pollution is tantamount to a "license to pollute", which seems (at first
glance) to be a sanction for immoral behavior. However, a cigarette tax is not a "license to smoke", nor is a tax on
whiskey a "license to get drunk". If the real purpose of policy is to minimize harmful behaviors, there should be no
objection to combining taxes with other tools.
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by some groups or institutions. This means, in tum, that some very hard decisions will have
to be taken, and soon. Unfortunately, experience suggests reason to doubt that our chaotic
world of nearly 200 sovereign nation states can make such a transition successfully.
Nevertheless, if the human race is to have a long term future, we must make the attempt.
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