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Abstract

Zero Emissions is an attractive slogan. It has been adopted, for instance, by the UN
University. The question arises, inevitably: Is it a realistic target? If so, in what sense? Wastes
and emissions are part of the product life cycle; indeed they are the final fate of most
extractive raw materials. The law of conservation of mass holds. It implies that zero emissions
is equivalent to zero extraction i.e. final closure of the materials cycle. Ecological
sustainability at the global level is not consistent with continuously increasing extraction,
processing, consumption and waste emissions by individual households or firms. This stark
fact implies that economic growth must, in the long run, either be disconnected from material
consumption or stop altogether.

Since the latter outcome would be socially unacceptable, the former must become a major
objective of environmental and economic policy at the government level. But it must also
become a core strategy for firms. Is there a coherent "zero-emissions" strategy at the firm
level that makes economic sense? What role must government play to encourage firms to
adopt such a strategy? What must governments do to increase the scope of profitable zero-
emissions strategies? This paper concludes that there is such a strategy: to sell services rather
than products. Policy implications for firms and governments are considered.

;
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Introduction: Historical Background

The deteriorating state of the human environment began to achieve headline status in the
late 1960s. "Earthday" in 1970 marked the creation of the Environmental Protection Agency
EPA) in the U.S. and comparable agencies in other western countries. This was followed
quickly by the publication of Spaceship Earth by Rene Dubos and Barbara Ward, and the
major Stockholm Conference in 1972 which resulted in the institutionalization of
environmental concerns at the international level through the creation of an Environmental
Directorate at the OECD and a new UN agency, UNEP. However, the initial approach to
environmental protection at the practical level was largely limited to what has been termed
"end of pipe" treatment of sewage, large scale industrial polluters of air and water and motor
vehicles. In the following decade the scope of the government programs was expanded in
various ways, to include solid wastes and — especially — toxic and hazardous wastes.

In the 1980s the limitations of this "end-of-pipe" approach began to become clear,
especially in regard to ozone depletion, acidification and "greenhouse" warming. These
problems are all attributable to emissions that are either excessively costly or impossible to
remove from waste streams. The case of acidification is a partial exception, in that there is
a realistic possibility of removing sulfur dioxide from the flue gases of large coal burning
power plants through flue-gas desulfurization (FGD) technology. However this technology is
quite expensive and energy intensive and cannot realistically be applied to small industrial
boilers or households (which dominate coal consumption in China, for instance). The potential
for treatment of NOx in combustion products is quite limited, and NOx emissions have been
continuing to increase, despite the introduction of catalytic post-combustion treatment
technologies in power plants and some motor vehicles. The notion of removing and
sequestering carbon dioxide from power plant flue gases has been given serious consideration
(as an hypothetical alternative to other approaches to carbon dioxide reduction) but the same
objections apply: even if this were technically feasible for some large electric power plants,
it would not be applicable to any of the smaller combustion sources. The case of CFCs is the
most straightforward: to the extent that recycling was feasible, it was already being done for
the most part. Emissions were mostly leaks, which are inevitable and cannot be recaptured.

In the early 1980s, these facts created widespread concern that economic growth in the
developing countries seemed to be in conflict with the imperatives of environmental
protection, especially to the extent that the latter might involve increased costs. The response
at the international level was the creation by the UN General Assembly of the Commission
for Sustainable Development, chaired by the Prime Minister of Norway, Gro Harlem
Brundtland. The commission prepared a major report, "Our Common Future" published in
1987, which tried to make the case that environmental protection is an essential element of
economic development. In so doing, it offered a definition of "sustainable development" that
was necessarily vague enough to achieve political consensus but which, consequently,
provided little operational guidance. One obvious prerequisite of long-term sustainability,
however, is the reduction of anthropogenic pressures on the environment. These pressures
arise from the competition between human needs and desires for food, housing and "living
space" and the needs of other species. Above all, they arise primarily from extraction and
processing of natural resources and using the environment as a sink for the disposal of waste
effluents and "garbojunk".
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Figure 1: Effects of predicted population growth on worldwide use of resources if
consumption figures worldwide were equal to those of developed countries

(current=100%): Source: [FOTE undated]
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Figure 2: Effects of predicted population growth on worldwide use of resources if
current consumption& production patterns are maintained (current=100%):

Source: [FOTE undated]
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1950	 2000	 2050

Figure 3: Sustainable development path
Source: [FOIE undated]

More recently, the notion of "sustainable consumption" has emerged, to reflect the
recognition that consumption of physical materials and energy derived from non-renewable
fuels cannot exceed some finite limits imposed by the "carrying capacity" of the Earth. The
biosphere can only absorb a limited amount of waste products (including, but not limited to
CO2) associated with the extraction, processing and disposal of materials. The nature of these
limits are clearly beyond the scope of this paper. Suffice it to say that there are many
indications that the limits are not far away. In fact, given the slow response of complex
systems to perturbations, it is possible that the limits of long-term carrying capacity of the
Earth/biosphere have already been exceeded. If this is the case, the climate and biosphere may
have already started on a slow but possibly irreversible downward spiral.

It is now becoming clear that economic development in the developing countries over the
next half century at recent growth rates, combined with unavoidable population growth, would
require a five-to-tenfold increase in the consumption of natural resources [FOTE undated].
This magnitude of increase is probably physically impossible, due to resource and capital
constraints. See Figures 1-3. Economists know that there are very real limits to growth even
if they are somewhat subtler than the ones portrayed in the first Report to the Club of Rome
[Meadows et al 1972].

But even if this kind of GNP growth were feasible from an economic perspective it
would be inconsistent with ecological sustainability. For these reasons, a number of experts
have proposed that the total worldwide consumption of materials (including fuels) should be
stabilized. But allowing for inevitable global population growth, which will certainly increase
by more than 60% in the next 50 years, and allowing for economic growth in the non-
industrialized countries, especially China and South Asia, stabilization at the global level can
only be achieved by sharp reductions in the consumption of materials in the industrialized
West. One recent book suggests a reduction factor of four [von Weizsacker et al 1994]. Others
suggest the need for an even more dramatic ten-fold reduction [Factor 10, 1994]. Whether the
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appropriate divisor is four or ten does not matter so much as the fact that any reduction at all
means a major "U-turn" in economic development strategy [Ayres 1996].

Bearing in mind these (and other) problems, a new "bottom up" way of thinking about
emissions reduction also began to emerge in the 1980s. It has been variously called "source
reduction", "waste reduction", "clean technology", "low-waste" (or "non-waste") technology,
"design-for-environment" or DFE, "dematerialization", "industrial ecology" and "eco-
efficiency". There are minor differences among these approaches. For instance, "waste
reduction" emphasizes energy conservation and materials utilization efficiency. "Clean
technology" emphasizes technical change that reduces emissions at the source, such as the
(classic) example of substituting water soluble paints and cleaning agents for coatings and
cleaning agents requiring volatile hydrocarbons or chlorocarbons. DFE emphasizes the
potential for reducing wastes by making products more repairable, more remanufacturable or
more recyclable. Industrial ecology emphasizes the potential for recycling wastes from one
industry as feedstocks to another, as biological organisms recycle nutrients. (Oxygen is a
waste product of photosynthesis, while carbon dioxide is a waste product of animal
respiration).

All of these bottom-up approaches share a common focus on process-change to reduce
emissions at the source rather than to remove or treat them later on. Eco-efficiency can be
regarded as an umbrella that subsumes all of the others. But it differs from the others in that
it is being developed and presented explicitly by businessmen — notably the World Business
Council for Sustainable Development, or WBCSD — as a strategy for business.' Whereas the
other approaches are typically defined by an outcome, eco-efficiency is a concept more firmly
based on a business perspective. The basic approach is to increase the value-added to
customers per unit of materials/energy input.

Proponents of eco-efficiency argue that there are many "win-win" opportunities for "value
creation" that are also environmentally friendly. Some firms have introduced slogans
expressing this idea, such as PPP for Pollution Prevention Pays (3-M Corp.) and WRAP for
Waste Reduction Always Pays (Dow Chemical Co.) Unfortunately, these slogans cannot be
taken too literally. Most economists are quite skeptical about claims of "win-win"
possibilities. In the view of mainstream economists, at least, the reality is that pollution
prevention and waste reduction are more likely to be costly than profitable. This is becoming
a somewhat contentious issue that can no longer be neglected. I discuss it further in the
economic context, below.

Towards Zero Emissions: The Eco-efficiency Strategy

The term "eco-efficiency" was first used in the book Changing Course, an input to the
Earth Summit conference of the UN Commission for Environment and Development
(UNCED) held in Rio de Janeiro, June 1992 [Schmidheiny 1992]. 2 One definition, from a
workshop on the subject held in Antwerp (1994) is the following:

"Eco-efficiency is reached by the delivery of competitively priced goods and services
that satisfy human needs and bring quality to life, while progressively reducing
ecological impacts and resource intensity throughout the life cycle, to a level at least
in line with the earth's estimated carrying capacity." [WBCSD 1995]

In the language of economists, this suggests the objective of maximizing value added per
unit resource input. This idea is essentially equiva'ent to maximizing resource productivity
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at the firm level (taking into account scarce environmental resources as well as energy and
raw materials), rather than simply minimizing wastes or pollution associated with a given
product.

A more specific approach was suggested at the second Antwerp Eco-efficiency Workshop
of the WBCSD [Ayres et al 1995; Fussier 1996]. It emphasizes seven objectives:

1. Minimize the material intensity of goods and services
2. Minimize the energy intensity of goods and services
3. Minimize toxic dispersion
4. Enhance material recyclability
5. Maximize sustainable use of renewable resources
6. Extend product durability
7. Increase the service intensity of goods and services

From a management standpoint, there seem to be four key elements. They have been
identified as follows [ibid]:

i. Providing real services based on the customer's needs.
ii. Assuring economic viability for the firm.
iii. Adopting a systems (life-cycle) viewpoint with respect to both processes and products.
iv. Recognizing, at the firm's policy level, that the environment is finite, the "carrying

capacity" of the Earth is limited, and that the firm bears some responsibility regarding
the environment.

The first two of the above elements have always been, and remain, firmly in the domain of
corporate management. However, in regard to elements (iii) and (iv) above, a viewpoint and
a recognition may not be enough to ensure that a firm's actions are consistent with the
imperatives of global sustainability.

It is possible to estimate what effect it would have if all people worldwide were to buy
or use a given product. Consider, for example, that nearly everybody wants to own a car.
What are the implications for highway construction, loss of valuable farmland, petroleum
consumption, air pollution, etc? Such calculations, and questions, are essential aspects of the
life cycle perspective, but they offer little or no guidance as to how an individual firm should
behave. This occurs because the carrying capacity (element iv) is characteristic of the system
(i.e. the Earth and the biosphere) as a whole. In short, it would seem that long-term
sustainability for the Earth system is not a manageable criterion for an individual product or
a company [ibid].

The global carrying-capacity criterion is evidently beyond the control of firms operating
in a competitive market. It would, apparently, require regulation, at the global level, of total
materials and energy consumption and waste output. Regulation could be accomplished in
either of two ways. The first might be termed "command and control", implying an
authoritarian central bureaucracy to allocate production, akin to the central planning agency
of a communist country. This approach would be the ultimate nightmare for most
businessmen. It would certainly be unacceptable.

The second approach would be favored by most economists on theoretical grounds, in
any case. It would be to internalize the social and environmental costs of excessive materials
production and consumption by imposing taxes or effluent charges. 3 The tax would raise the
cost of materials and/or energy consumption, discouraging trivial and low-value uses, and
encouraging conservation. Tax revenues would then be used (in principle) to pay for pollution
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abatement or remediation, or to compensate those who suffer damage. The controversial
carbon tax is an example of such a proposal.

Unfortunately, while this neat solution might work in some cases, it is usually not
feasible, if only because the social and environmental costs in question are impossible to
calculate accurately. Moreover, experience suggests that a pollution tax collected by
government is unlikely to be used as the theory requires (i.e. to abate the pollution or
compensate those who are harmed by it). It is far more likely that the tax would be lumped
in with general revenues and reallocated to other purposes.

There is one possible loophole to achieve the desired result without either excessive
regulation or exclusive — thus excessive — use of the tax mechanism. Businesses could
voluntarily adopt the strategy of internalizing the product or, more simply, selling service
instead of products. Since material wastes and environmental pollution are directly attributable
to the production and consumption of material products, the way to reduce the former is to
reduce the latter. In other words, the ultimate goal of an eco-efficiency strategy must be for
firms to sell only the immaterial service content embodied in durable goods, retaining
ownership and responsibility for the goods themselves. The effect, in the long run, would be
to eliminate most durable goods from the consumer market – along with consumer goods
normally required for operation and maintenance, such as fuel, lubricants and antifreeze. It
would also ensure a much higher degree of reuse, renovation, remanufacturing and recycling.
This combined strategy would result in a gradual, but ultimately radical, dematerialization of
the economy.4

Economic/Organizational Perspective

Can radical dematerialization be accomplished without sacrificing economic growth and
prosperity? This is the contentious but essential question raised earlier. As I have noted
already, neoclassical economists are generally skeptical on this point. This skepticism is a
consequence of some of the convenient — but not necessarily factual — assumptions
underlying standard economic models. To anticipate later conclusions, I am generally
optimistic about the technical possibilities. I am less optimistic about the capacity of the
business community to undertake the necessary "eco-restructuring" without strong government
intervention to speed the transition. However, one must remain hopeful.

A macro-economic perspective can help to clarify the issues here. The starting point may
as well be the relationship between economic activity and the larger physical-biological
environment in which it is embedded. At one time economists were inclined to conceptualize
economic activity as a closed loop between production, consumption and investment. The
connection with real material objects and the physical world from which materials are
extracted, processed, made into products and finally disposed of, was never considered to be
an essential aspect of economics until thirty years ago. Even now, these links are ignored in
the great majority of economics textbooks and research papers.

However, the links are vitally important to any consideration of long-term sustainability.
Since human activity now competes with natural processes in terms of materials fluxes,
especially with regard to the most toxic metals and the most environmentally harmful
substances, it is not too much of an exaggeration to say that most environmental problems
are attributable to excessive materials consumption. It is true that emissions of wastes and
pollutants are the most immediate problem, but it is also true that inputs become outputs.
Every raw material extracted from the environment is a potential waste, and most become
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actual wastes within a few months. Only a small fraction are incorporated into durable goods,
and very few durables survive more than a few decades.

"OLD" GROWTH ENGINE (SALTER CYCLE)

'	 • •

Figure 4: Old growth cycle

The basic engine of economic growth in a mass-production manufacturing economy is
the so-called Salter cycle, shown in Figure 4. In brief, the impetus to growth arises from the
fact that demand for a product tends to increase as (real) prices fall. This phenomenon is
called the 'price elasticity' of demand. Falling prices, in turn, result from exploiting economies
of scale in manufacturing. Thus, firms can reduce costs, cut prices, increase sales and
maximize profits (and grow) by increasing the scale of production. But the problem is that,
if all firms increase output, even if they do so as efficiently as theoretically possible, the
overall use of materials by the economy must ipso facto grow also. The only way to avoid
this outcome is to modify the competitive free-market system itself.

In effect, a new growth cycle is needed, based on selling non-material services, not
material products. One of the progenitors of the idea of "products as service" is Michael
Braungart, founder of the Environmental Protection Encouragement Agency (EPEA) in
Hamburg, Germany. Braungart calls his scheme the "Intelligent Product System" or IPS. The
system recognizes three types of products. The first type is consumables, which are either
literally consumed or are biodegradable. The second category is durables, which are not sold
but rented or licensed, but remain the responsibility of the maker. The third category consists
of unsalables. The latter are toxic materials that should not be sold but must always belong
to the original maker and must be stored in licensed storage facilities operated for the purpose
by regulated public utilities.5

All durable goods in the IPS service economy would ideally be owned and maintained
by service providers. In fact, they should be regarded as productive assets, to be used as
efficiently as possible and conserved as long as possible. This means a change in the growth
mechanism. One of the advantages of an economy based on services is that it is inherently
more labor-intensive than the mass-production manufacturing and "throw-away" economy.
Treating products as capital goods will create more jobs because repair, renovation,
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disassembly and remanufacturing are inherently more labor-intensive than original equipment
manufacturing [Stahel & Reday-Mulvey 1981; Stahel 1997]. The reason is simple and
straightforward: these activities are much less able to exploit economies of scale or learning-
by-doing precisely because they are less repetitive and standardized. For workers they will
be more interesting and will require higher levels of skill.

"NEW" GROWTH ENGINE

Figure 5: New growth cycle

But what seems like an advantage in terms of job creation (especially from an European
perspective) is a disadvantage from the perspective of labor productivity. The Salter cycle
growth mechanism depends on economies of scale, which are much less applicable to services
as such, than to products. A fundamentally different economic mechanism is needed to reduce
service costs as such. One mechanism that is common to both situations is "learning-by-
doing". Another mechanism for cost reduction in the service sector, now beginning to take
hold, is information technology (IT). But insofar as IT, as applied to the service sector, is
productivity enhancing it is also inherently job reducing, almost by definition. It can,
however, help compensate for the higher costs arising from product life extension. Thus
another, and increasingly important, mechanism for cost-reduction — or increased value-
added — is R&D applied to the delivery of services. The 'new' cycle is illustrated
schematically in Figure 5.

Figure 6 shows schematically the limits of eco-efficiency as applied to the manufacturing
economy, vis a vis the service economy. It is convenient and evocative to label the latter as
the "spaceship" — or zero-emissions — economy, inasmuch as it is an economy in which all
materials must be recovered, repaired, reused, remanufactured or — as a last resort —
recycled sooner or later. In the spaceship economy nothing can be wasted without penalty.
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Increasing eco-efficiency = increasing resource productivity

Figure 6: Three stages of eco-efficiency

Engineering Perspective: To Close the Materials Cycle

Having considered the problem from a high level economics perspective, it is now
appropriate to consider the technical possibilities for approaching the goal of zero emissions.
From an engineering point of view there are, essentially, three types of technologies to reduce
wastes and emissions. These are:

(1) Energy and materials conservation
(2) Product life extension: re-use, repair, renovation, re-manufacturing, recycling
(3) Waste mining: conversion of wastes into useful products

All of these strategies are implicitly subsumed under the "eco-efficiency" umbrella. Note that
waste treatment (at the "end of the pipe") is not included, for the simple reason that waste
treatment does not actually reduce the volume or mass of wastes, except in the rare cases
where it creates a potentially useful product. One example is the use of flue gas
desulfurization (FGD) waste, which consists largely of calcium sulfate, as a substitute for
primary gypsum in the manufacture of plaster wallboard.6 In that case it fits under the third
category (waste mining). Otherwise, waste treatment simply shifts the waste from one
environmental sink — air or water — to another (e.g. land). In too many cases, waste
treatment has removed an emission from the air only to leave it in water, or vice versa.' This
sort of transfer is seldom desirable in the long run.

The first major category of emission reduction technologies generally includes efficiency
improvements and process changes ("source reduction", "clean technology", etc.) Conventional
energy-saving technologies, such as co-generation, improved insulation, compact fluorescent
lights, microwave ovens, smaller lighter vehicles, and so on, fall into this category. The same
is true of a variety of industrial process innovations and material substitutions. These
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technologies have been discussed in great detail elsewhere.8 There is no need to repeat or
even summarize such discussions here.

However, a few particularly ingenious ideas for conservation with "win-win" potential
deserve special mention. One of them is Amory Lovins idea of creating a market for
"negawatts", by giving electric utilities incentives to help their customers consume less
electricity, rather than more [e.g. Lovins 1988]. At first sight, this idea seems to be self-
contradictory, but under certain circumstances, it makes sense. An electric utility confronting
increasing demand and an apparent need to add expensive new capacity which takes years to
design, build and bring on line, is quite likely to find it advantageous to find ways of assisting
it's customers to consume less. This saves money for both the utility and the customers, and
also reduces the use of fossil fuels and the environmental pressures that result.

A variant on this scheme is the idea proposed by architect William McDonough to retrofit
all the windows in a major city with double glazed windows that significantly reduce heat
loss. The up-front capital for the project would be raised by city-issued industrial development
bonds. The windows would be manufactured by a specially build factory, using recycled glass
(from the old windows) and other recycled materials. Householders would receive an up front
payment (say $500) for allowing their windows to be replaced. They would pay for the
windows over a period of time through their monthly gas or electric bills, but the add-on cost
of the windows would be compensated for by their energy cost savings. New jobs would be
created (making windows) and it would all be paid for out of energy savings.9

The second approach to reducing emissions is to extend product life by some combination
of re-use, repair and renovation, re-manufacturing and recycling. Re-use is very common
among certain categories of consumer goods, such as clothing, shoes, blankets, books and
furniture. Much of this is informal (e.g. student accommodations furnished by parents' old
furniture; clothing for refugees collected by churches, etc.), but there are fairly well-developed
secondary markets for come categories of goods, such as books, bicycles, personal computers
and automobiles; these items are frequently sold by departing students to incoming students
at universities, for instance. Computerized "bulletin boards" within major institutions facilitate
resale and re-use, and some of these information exchanges are reaching wider audiences
through the Internet.

There is a major opportunity for increasing re-use in the area of shipping containers.
Transport packaging — mainly consisting of corrugated paperboard boxes and wooden pallets
— accounts for 16 percent of the U.S. municipal waste stream. Reusable packaging is
technically feasible in virtually all cases. In fact, it offers a number of quantifiable
environmental and economic benefits apart from waste prevention, including resource
conservation and lower unit costs [Saphire 1994]. Reusable packaging has long been standard
for milk producers and soft drink bottlers, as well as some breweries. But in other branches,
it is still relatively rare. Obstacles to wider use are partly resistance to change, but partly
economic. They include logistical requirements for tracking and returning empty containers,
and initial capital costs. A 2 cubic foot reusable plastic shipping container cost $11.03 in 1991
vs. $0.53 for a 1-way corrugated box or $1.06 for a reusable corrugated box [ibid]. (But the
reusable corrugated box was used 5 times while the plastic container was used 250 times, on
average.)

Most of these problems can be overcome. For instance, Toyota had developed a system
of re-usable packaging in Japan, which was coordinated with its "just-in time" ("kan-ban")
parts delivery system. This was extended to it's U.S. operations in Kentucky after the plant
was opened in 1988. At first, the standardized packaging was used for parts shipped from
Japan, but parts suppliers have become increasingly localized near the plant. Since the 1991
model change, Toyota has specified about 30 standardized containers sizes, to be used by all
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suppliers. These are mainly plastic, with a potential lifetime of 20 years at 30-40 trips per
year. These standard sizes were developed, in part, to permit efficient use (known as
"cubing") of large freight containers. Volumetric efficiency was increased by 21 percent,
resulting in transportation savings of $18 per vehicle built at the plant [Saphire 1994].

Xerox introduced a container re-use program starting in 1989. It standardized to 9
reusable corrugated paperboard boxes and 2 wooden pallet sizes that most component
suppliers must use to ship components to the company. This change was also coordinated
with a "just in time" program, such that standardized containers are delivered directly to
designated places on the assembly lines. These containers are marked with bar-codes and read
by scanners. After unloading, the parts containers are collapsed and stacked. Some are used
for the internal distribution system within Xerox. The others are returned in bulk shipments
to box distributors for sorting and redistribution to suppliers. Boxes are re-used seven times,
on average. Xerox estimates that the system saves between $2 million and $5 million per
year, including $1.5 million saved in pallet disposal costs alone, over the four year period
1990-1993 [Saphire 1994].

A further development is the International Fruit Container Organization (IFCO), located
in Munich, Germany. IFCO was created by Schoeller International, a manufacturer of re-
usable soft drink and beer shipping crates, in response to the 1991 German packaging
ordinance. IFCO makes specialized reusable plastic shipping containers, in seven standard
sizes, specialized for the fruit shipping industry. It does not sell these containers to individual
companies, but leases them instead. These crates now account for 75 percent of all produce
shipped through the German market, of which 80 percent is imported from abroad. The firm
works with a logistics service company that collects the containers, sorts them at 30 depots
throughout Germany and redistributes them to growers and shippers. IFCO is now extending
its operations to cover supermarket dry goods, dairy products, meat and fish. [Saphire 1994].

Renovation and remanufacturing are options applicable mainly to capital goods and
consumer durables. The idea of "recycling products" (i.e. remanufacturing) durables as a new
paradigm for industry was first introduced (as far as I know) by Charles Overby, a professor
of mechanical engineering at Ohio University [Overby 1979, 1980, 1986, 1990]. The concept
is closely related to a more recent concept of "design for environment" or DFE, which is now
subsumed in the broader concept of "industrial ecology". But the fundamental point is that
products that are designed with remanufacturing in mind from the beginning will be designed
differently than products designed for "once through" consumption and disposal. They will,
for instance, be designed for longer life and easier disassembly [Stahel 1982, 1997;
Navinchandra 1986; Frosch & Gallopoulos 1989; Graedel & Allenby 1995]. Firms that have
begun to convert themselves from durable goods manufacturers to service companies include
Xerox (copiers), Pitney-Bowes (postage meters), IBM, and a variety of others in businesses
as diverse as elevators, furnace linings, truck tires and office carpets [Ayres et al 1997;
Ferrer 1997]. This topic is discussed in greater detail below.

Recycling is also an old technology, applicable to most materials.10 As in the case of
"clean" or "low waste" technology, it's potential importance in the near term future has
probably been over-emphasized. In the distant past virtually everything was used and repaired
to the limit of practicality. There were almost no metallic solid wastes until the present
century, and few others except broken ceramics and rotted bits of wood. Nowadays, recycling
in the formal sense is mainly applicable to glass, paper and metals — although much recent
effort has been devoted to seek cost effective ways and means of recycling rubber and plastics
into useful products.

Glass recycling is an old established technology, in the sense that cullet (ground glass)
has always been as input to glass-making. Recycled cullet accounts for about 30 percent of
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the feedstocks for bottles produced in Europe. The use of cullet saves 1.2 tonnes of raw
materials for each tonne of glass produced, and each 10 percent increase in cullet results in
a 3 percent energy savings [Morris et al 1994]. However, in general, the cullet has been
derived from breakage and scrap from glass producers themselves or from certain well
established return streams. In recent times, however, there have been efforts to increase glass
recycling by the establishment of local collection centers for beverage bottles, especially in
Europe. This has created a new problem, in that a higher percentage of the recycled glass is
green (from wine bottles) or brown, than clear. Bottles are much more easily recycled than
window glass, for instance. Obviously colored glass can only be recycled as colored glass,
for which there is little demand in countries (such as the U.K. or Scandinavia) without a large
wine or beer bottling industry. Consequently green glass cullet is likely to be in excess supply
in some countries, resulting in a need for other uses.

Paper recycling is a much more recent development. It has been driven by three factors:
(1) landfill capacity for disposing of municipal solid waste is becoming scarce and costly in
urban areas, (2) incinerators are themselves sources of both toxic wastes (ash) and air
pollution — unless fitted with very costly pollution control equipment — and (3) primary
pulp and paper-making operations have historically been the most polluting of all industries.
A fourth factor, in some countries, has been public concern about deforestation. Commercial
considerations have also played a role, at least in Europe, where domestic secondary paper
producers in Germany and the low countries compete with primary producers in Scandinavia.

The key point is that, while some recycling of high quality waste paper into lower quality
uses is clearly justifiable on both economic and environmental grounds, it is also clear that
the potential for recycling of paper is somewhat limited, for two reasons. First, each time the
paper is pulped, bleached and de-inked, some of the fibers break and there is a degradation
of strength. Second, the bleaching and de-inking processes are themselves major sources of
pollution. The optimum combination of primary and secondary paper is not easy to determine,
on technical grounds, but now that markets and collection systems for waste paper have been
established, competitive economic considerations should dominate.

Metals recycling is also an old technology in some respects, but as in the case of paper
there have been significant changes. Many of the same considerations apply as in the case of
paper recycling, although metals are not an important component of landfills. On the other
hand, the potential environmental benefits of recycling are much greater. The major barrier,
in recent years, has been that primary production enjoys both economies of scale and quality
advantages over secondary producers. The scale advantage has been declining, however, at
least in the case of steel, thanks to the large and growing inventory of potentially recyclable
steel in the industrial world.

As in the case of glass, scrap has always been used as a component of the feed to both
blast furnaces and steel furnaces (open hearth or basic oxygen) in integrated facilities.
However, most of this was so-called "prompt" scrap, generated either within the steel mills
themselves (e.g. in casting or rolling) or in downstream stamping or machining operations.
It is the increasing availability of scrap steel from discarded end-of-life products (such as
obsolete structures, abandoned rail lines and junk cars), with reasonably predictable
composition, that has allowed the secondary steel industry based on many small localized
electric arc furnaces (known as "minimills") to penetrate a growing fraction of the market for
steel products (Figure 7). Two decades ago, the minimills mainly produced 'rebars' for
reinforced concrete in the construction industry. As the market for secondary steel has grown,
the processing technology has become more and more sophisticated, resulting in quality
improvements that now allow secondary steel to compete in many of the markets formerly
reserved for primary steel.
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Figure 7: US raw steel production: electric arc as % of total
Source: [Clark & Field 1990 for 1965-1988; USBuMines for 1984-1993]

Secondary production of non-ferrous metals from new and old scrap in the U.S. and
recycling rates as a percentage of apparent consumption are summarized in Table I. The
fraction of metal obtained each year from secondary sources has risen fairly sharply between
1987 and 1991 in the case of aluminum (from 30% to 40%) and lead (from 56% to 69%, due
to the U.S. ban on using lead in gasoline, for new cars built after 1970, but has fluctuated or
remained roughly constant in the other cases.

This modest increase is also mainly due to the fact that inventories of recyclable non-
ferrous metals in use have also accumulated over time, permitting the development of
efficient collection systems and markets. At the same time, increasingly effective technologies
for recycling have also developed.' The other (lesser) reason, which will become more
important in the future, is that the mining, beneficiation and smelting of primary metal ores
is inherently dirty and energy-intensive. Moreover, the lower the grade of ore, the dirtier and
more energy intensive the recovery process. Even though modem technology permits the
capture of most toxic waste pollutants from the concentration and reduction processes, these
materials must still be disposed of somehow.

Except for iron and aluminum, the quantities of solid mining and milling wastes produced
by mining for metal ores is typically much greater than the quantities of processed metals.
For example, zinc ore averages 4.4%, lead ore 3%, nickel ore 2%, copper ore averages 0.9%;
uranium ore averages 0.002%, gold ore and platinum ore around 0.0003%. To produce a ton
of pure metal, on the (world) average, it is necessary to process 22 tons of zinc ore, 30 tons
of lead ore, 45 tons of nickel ore, 110 tons of copper ore, 50,000 tons of uranium ore and
330,000 tons of gold or platinum ore. These ores must be extracted, concentrated — perhaps
in several stages — and finally smelted. In the US, gold mining accounts for nearly as much
mine waste as copper mining (which is number one on the list). To be precise: domestic
copper mining in the US generated 316 million metric tons of gangue (plus 600 million tons
of overburden) and yielded 2 million tons of copper in 1994. By contrast, domestic gold
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mining generated 217 million tons of gangue (plus 587 million tons of overburden) but
yielded just 326 tons of gold [Adriaanse et al 1997 p. 57].

Table I: U.S. recycling statistics for selected non-ferrous metals, 1987-1993
Quantity (tik11)

Recycled metall
Apparent

consumption4

Recycle % of
apparent

consumptionYear New scrap2 	Old scrap3 Total
ALUMINUM'

1987 1134 852 1986 6603 30%
1988 1077 1045 2122 6450 33%
1989 1043 1011 2054 6000 34%
1990 1034 1359 2393 6298 38%
1991 979 1522 2501 6012 42%
1992 1144 1612 2756 6869 40%
1993 1312 1632 2944 7852 37%

COPPER
1987 716 497 1213 2913 42%
1988 788 518 1306 3002 44%
1989 761 537 1298 2945 44%
1990 774 548 1322 2924 45%
1991 682 518 1200 2731 44%
1992 723 555 1278 3028 42%
1993 731 555 1286 3256 39%

LEAD
1987 52.535 657532 710.067 1259.029 56%
1988 45.274 691.127 736.401 1274.477 58%
1989 49.612 841.729 891.341 1384.725 64%
1990 48.104 874.093 922.197 1345.381 69%
1991 54.970 829.654 884.624 1283.474 69%
1992 55.424 860.917 916.341 1325.408 69%
1993 60.298 843.262 903.560 1390.464 65%

NICKEL°
1987 32.331 155.781 21%
1988 41.039 159.019 26%
1989 52.131 157.103 33%
1990 57.367 170.042 34%
1991 53521 156.663 34%
1992 55.871 159.373 35%
1993 54.702 159.313 34%

TIN
1987 4.604 11.462 16.066 59.458 27%
1988 3.925 11.350 15.275 60.955 25%
1989 2.795 11545 14,34 47.285 30%
1990 4.035 13.200 17.235 53.430 32%
1991 5.114 7.982 13.096 39.606 33%
1992 4.894 8.853 13.747 37.321 37%
1993 4.453 7.219 11.672 42.906 27%

ZINC
1987 270 82 352 1324 27%
1988 240 97 337 1340 25%
1989 230 117 347 1311 26%
1990 232 109 341 1240 28%
1991 233 120 353 1165 30%
1992 234 132 366 1276 29%
1993 246 109 355 1367 26%
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Samoa fUSBalifines 1993,7lecyang-Nortferrota made, Tables 1 & 4
1.Recycled metal is mad recovered from mortal ?towhead new plots old scrap supply.
2.New scrap iv scrap moulting from the manufacturing process, inchoate mad & alloy production.
3.Old scrap is scrap resulting from consamer products.
4.Apparast consumption is production plus net imports plus stock change Apparent consumption a cakulatai ors a corstainai weight basis.
S. Recycle quantity is the cakulatai metallic recovery from alsoninum•base scrap, estimated for full industry coverage.
6. Nickel scrap is nickel contained in ferrous & non-faTous scrap receipss.

Very large amounts of explosives are used in underground mining. Acids are used for the
"heap leaching" copper mining process, leaving toxic copper and lead sulfates behind.
Cyanides are used in gold and silver mining. "Red mud" from bauxite treatment is caustic.
Usually the lower grade metal ores are finely ground and screened. Chemicals are added to
the finely ground ore. These chemicals adhere preferentially to the surfaces of the desirable
mineral fraction, encouraging clumping and coagulation and allowing the clumps to be
captured in a chemical froth that floats on top. The ore concentrate is then removed but the
chemicals (and some residual metals) are simply left behind in huge impoundments near the
mines. In dry climates (such as Arizona and Chile) probably no great harm results, but in
wetter climates — as in Africa — there may be serious leaching into groundwater.

Recycling avoids all these losses and wastes. A summary of the environmental benefits
of recycling is shown in Table II. The numbers in Table II are calculated savings (indirect
raw materials and other inputs not used) when a metric ton of metal is recycled. It is,
therefore, the calculated difference between inputs per ton of semi-finished metal produced
from raw materials vis a vis the inputs per ton of secondary scrap recycled. Because of the
complexity of the system, we have constructed simplified process-product chains as follows:

o (raw solids)-[Iron Mining]-(53% Fe ore)-[Beneficiation]-(concentrate)-
[Sintering/Pelletizing]-(sinterlpellets)-[Blast Furnace]-(pig iron)-[Electric
Arc/Basic Oxygen Furnace]-(steel)

o (raw solids)-[Bauxite Mining]-(17.5% Al ore)-[Bayer Process]-(alumina)-[Hall
Heroult Process]-(aluminum)

o (raw solids)-[Copper Mining]-(0.6% Cu ore)-[Beneficiation]-(concentrate)-
[Smelting]-(blister copper)-[Refining]-(copper ingots)

o (raw solids)-[LeadMining]-(9.3% Pb ore)-[Beneficiation]-(concentrate)-[Sintering]-
(sinter)-[Blast Furnace]-(lead bullion)-[Drossing]-(drossed lead)-[Refining]-(lead)

o (raw solids)-[Zinc Mining]-(6.2% Zn ore)-[Beneficiation]-(concentrate)-[Sintering]-
(sinter)-[Smelting]-(slab zinc)

o (recycling scrap, all metals)-[melting]-(metal product)
All numerical values in Table II, except as noted specifically below, are calculated by

matching the elemental composition of outputs at each stage of processing, element by
element, to the required elemental/chemical composition of inputs to the next stage. These
elemental compositions are normally given as ranges in published process descriptions
(the specific sources are shown in Table II). The final results are therefore consistent with
published process descriptions, while satisfying the mass-balance requirement. N. B. For
convenience, we have neglected the indirect contributions to processing of all other input
materials used (explosives, acids, flocculants, fluxes, anodes, etc). Only the actual mass of
these secondary input materials themselves was counted. This mass was aggregated with
one of the following categories, depending on where in the sequence it belongs:

o (raw solids)-[Quarrying]-(limestone and/or other quarried stone, rock, salt)
o (raw solids)-[Coal Mining]-(coal)-[Coking]-(coke)
o Oxygen as needed from the air, resulting in oxygen-depleted air.
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TABLE II: RECYCLING SAVINGS MULTIPLIERS (tons/ton product)
Iron/steel Aluminum Copper Lead Zinc

Ore percent 52.8% Fe 17.5% Al 0.6% Cu 9.3% Pb 6.2% Zn
Major source [USS 1971) [Parsons 19771 [Gaines 1980] [PEDCO-Pb 19801 PEDCo-Zn 1980)
Energy Used (gilt) 2Z4 256 120 30 37
Water Flow in/out WO 79.3 10.5 605.6 122.5 36.0
Material Inputs

Air 1.9 0.3 1.6 4.4 5.8
Solids 17.3 11.0 612.1 126.2 55.8

Total Material Inputs 19.2 11.2 613.7 130.5 61.6
Material Outputs

Product 0 0 0 0 0
Byproducts 0.2 0.1 1.0 6.7 4.9
Depleted air 1.5 0.2 1.3 1.2 2.4
CO2 0.5 0.8 0.02 0.03 0.03
SOx 0.01 0.06 1.47 0.005 0.01
Other gaseous material 1.18 0.002 0.15 0.28 0.03
Potential recycle 0.6 3.2 0.1 03
Overburden 12.5 0.6 395.4 72.5 37.3
Gangue 1.1 6.1 211.0 44.6 16.3
Other solid material 1.5 1.4 0.1 2.5 0.1
Sludges, liquids 21 1.2 Q 2& 9.1

Total Material Outputs 19.2 11.2 613.7 130.5 61.6
Notes:
Major byproducts include SO2 used for sulfuric acid production and saleable offgas.
Depleted air = air from which all oxygen has been taken for combination with other materials.
Potential recycle includes slag, scrap etc. potentially usable in the process chain, but not used.
Overburden = That portion of solid material extracted during the mining process which Ls not part of the ore.
Gangue = That portion of the ore extracted during beneficiation which is not pan of die concentrate.
Sludges and liquids do not include dilution water.

Source for aggregate energy values: [Forrest & Szekely 1991). The materials/energy costs of producing this
energy are not considered in this table.

Source for water flow values: [Liibkert et al 19911
Source for overburden & gangue percentages: [Adriaanse et al 1997]
Other sources used: [Battelle 1975; Bokh 1980; Davis-Cu 1972; Davis-Zn 1972; Davis et al 1971;

Forrest & Szekely 1991; Lowenbach et al 1979; Laken et al 1991; McElroy & Shobe 1980;
Masini & Ayres 1996; PEDCo-Cu 1980; Thomas 1977; Watson & Brooks 19791

It is noteworthy that recycling typically uses much less energy than primary smelting.
In the case of aluminum and copper the savings are extraordinary. In the case of
aluminum, remelting scrap may require as little as 2 percent of the energy required for
primary production from bauxite [Cochran 1973], although a more conservative estimate
of the energy required for secondary aluminum recovery is around 6 percent [Forrest &
Szekely 1991]. For copper, the energy required for recycling ranges from 13 gJ/t for high
grade scrap (e.g. telephone wire) to 37 GJ/t for low grade scrap, while the energy required
for primary production ranges from 91 to 184 GJ/t, depending on ore quality. Since
recycled low grade copper scrap would presumably replace the lowest quality copper ore
(in a rational universe), the appropriate comparison would be 37/184 or 20 percent.

Plastics recycling is a newer subject, and major successes have been quite elusive so
far. The primary reason is that plastics are very diverse and inherently difficult to sort,
except by hand (and even then). Moreover, tonnage plastics such as polyethylene (PE),
polystyrene (PS) and polyvinyl chloride (PVC) are seldom pure polymers; in most cases
they contain significant quantities of additives, most of which are specialized to use and
often proprietary. Thus, unless plastics can be collected and re-used for exactly the same
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applications as the original, the additives will be inappropriate and only low-grade
secondary uses can be considered. Thus, heterogeneous recycled plastics can, at present,
only be utilized on a large scale for such items as park benches, flower pots, signs and
highway barriers. A process for utilizing recycled heterogeneous plastics in place of
structural wood, especially for exterior uses such as roof shingles, wall panels or for
garden walls and steps, would be a considerable breakthrough. The reason is that it would
sharply reduce the need for toxic wood treatment chemicals such as CCA (chromium-
copper-arsenic) that are currently widely used in the so-called Wolmanizing pressure-
treatment process. Unfortunately, heterogeneous plastics tend to be brittle or soft; they
cannot easily be given the physical properties that make wood a good structural material,
notably toughness and tensile strength.

To be fair, some firms have been quite innovative in finding acceptable uses for
certain recycled plastics. The plastic polyethylene terephthalate (PET), which is widely
used for soft drink containers, can be recycled into reasonably high quality uses, including
molded packaging, strapping, non-food PET bottles, and polyester fiber for sporting goods
and carpets. For instance, Image Industries Inc. of Summerville, Georgia and Great
American Recycling Co (GARCO) of Peachtree City, Georgia specialize in this activity.
The sporting goods manufacturer, Patagonia, uses recycled fiber in all it's products.

Another interesting and somewhat similar — albeit equally specialized — example is
the commercial market for carpets and carpet tiles for offices and public building. These
carpet tiles are standardized, usually gray, and are mostly manufactured from nylon 6. (In
fact, carpets account for 30-40% of all nylon produced worldwide, and post-consumer
carpet wastes account for 1% of municipal wastes by weight and 2% by volume.) Within
the last three years a number of big chemical companies, including Dupont, Allied Signal
and BASF, as well as several specialty recyclers (including CBoard, GARCO, Millicare
Environmental Services and Retour Vloer B. V. in Europe) have begun developing
processes and systems for collecting and recycling commercial carpets and carpet tiles
made from nylon 6. Dupont has offered to accept carpets from any manufacturer from
customers who buy new carpets made with Dupont nylon.

The recovery process is straightforward and the chemical companies are definitely
interested. For instance, the German petrochemical giant, BASF, has just introduced a
program for collection and recycling end-of-life carpets in the US market. The firm is one
of the major manufacturers of nylon fibers for carpet manufacturing. It has developed a
recycling process for its 6ix® fiber that results in fibers of the same quality as the virgin
material. BASF collects used carpets made exclusively of the 6ix ® fiber in seven locations
in the US. In each of these locations, the used carpets are shredded, the nylon fibers are
recovered and other non-nylon fibers are separated to be recycled by independent firms.
The 6ix® fibers are compressed to obtain small nylon pellets. The polymer chains are
broken and then re-polymerized into 6ix® fibers identical to the virgin material, ready to
be woven into new carpets again.

This re-polymerization technology is a closed-loop recycling process which can result
in the elimination of most of the waste generated with the substitution of end-of-life
carpets. Because of the usual incompatibility among polymers, BASF recycles carpets
made exclusively of the 6ix® fiber (regardless of the brand of the new carpet that the
customer is buying). The firm has decided to internalize its product, with the adoption of
an efficient recycling technology for nylon 6. It has not disclosed the financial outcome of
the operation, but the environmental impact can be significant. In exchange, BASF asks
the customer (initially likely to be a commercial user, like a hotel) to pay the transport



R. U. Ayres Toward Zan Emissions: Is There a Feasible Path? Introduction to ZERI phase H 	 as printed on September 1, 1997	 Page 20

cost to the collection site. This cost is generally lower than the landfill fee charged by
municipalities.

However the Interface Carpet Co. of Atlanta Ga., a multinational firm with annual
revenues of $1 billion in carpet tiles and flooring, has a different approach. It has
developed an "Evergreen Lease" under which it leases carpet services to building owners
and replaces worn carpet tiles with fresh ones (presumably made partially from recycled
nylon), as needed. There is no installation fee. Both original installation and replacement
is covered by the monthly lease. Meanwhile the worn carpet tiles are taken back, cleaned,
and the nylon 6 yarn is recovered and remanufactured.

Paper recycling is an old story, and need not be recapitulated extensively. However,
thanks to legislation and public pressure, the proportion of recycled fiber in paper and
board has increased markedly in recent years, especially in countries without domestic
pulpwood resources. For example, the recycled proportion Britain was only 35% in 1970;
it reached 70% in 1996. Denmark (68%), Germany (53%), the Netherlands (75%) and
Spain (63%) are all above the 50% level. France and Italy are very close (Warmer Bulletin
July 1997). Recycled paper can reduce air pollution by 74%, water use by 60%, water
pollution by 35% and energy consumption by 40% [ibid]. The de-inking process, formerly
a major source of waste, has been significantly improved. One Dutch paper company,
Berghuizer Papierfabriek N.V. (a subsidiary of Finland's Enso Group) is now producing
office quality paper entirely from recycled waste paper. The plant makes its own electric
power and sells half of it to the national grid. Not only that, the firm advertises that it is
able to sell sludge waste from its de-inking process for biological uses.

The third way to reduce waste emissions is to convert them into useful products. This
is a core idea of "industrial ecology". Consider the famous Danish town of Kalundborg,
where the idea was first implemented in practice [Frosch & Gallopoulos 1989; Ehrenfeld
& Gertler 1997]. The town has three primary producers: a petroleum refinery (Statoil), a
coal fired electric power plant (ASNAFS), and a large pharmaceutical and enzyme
manufacturer (Novo Nordisk). By integrating these activities, it has been possible to
reduce wastes dramatically while increasing value added. Thus the power plant supplies
waste heat to the pharmaceutical plant, as well as a fish farm and a greenhouse. It also
produces fly ash that is sold to a cement manufacturer and synthetic gypsum (calcium
sulfate) from its flue gas desulfurization facility, to a wallboard manufacturer. The refinery
supplies waste hydrocarbons as supplementary fuel to the power plant, and sulfur from it's
desulfurization process to a chemical company that makes sulfuric acid. Finally, the
pharmaceutical manufacturer generates organic wastes that are consumed by the fish or
used as fertilizer in the greenhouse.

A number of other potential opportunities to utilize industrial process wastes can be
identified [Ayres & Ayres 1996]. For instance, phosphate rock processing (to produce
fertilizer) yields a form of synthetic gypsum as well as by-product fluorides that can
replace mined fluorspar for manufacturing synthetic cryolite (for the aluminum industry),
or fluorides used in toothpaste [ibid]. Coal burning power plants generate large amounts of
fly ash and bottom ash, that can be utilized as an additive to Portland cement or, as a
substitute for bauxite as a source of alumina. One very interesting possibility is an
integrated system proposed in South Korea that would produce electric power (from coal),
alumina from the clinker (bottom ash) via a caustic leach process, aluminum from the
alumina plus electric power, and cement from the calcium silicate residue of the caustic
leach plus clay and limestone [ibid.]. A recent book entitled Zero Pollution for Industry
describes 15 hypothetical examples of integrated industrial complexes such as fertilizer-
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cement, cannery-agriculture and power plant-cement-concrete block combinations
[Nemerow 1995].

Agriculture and agro-industry offer similar theoretical opportunities for integration and
synergy [Wohlmeyer 1998 and references cited therein]. The idealized self-sufficient
"organic" farm is a place where crops are rotated with fallow fields on which a cow or
two and a horse or donkey graze — the one yielding milk and the other for work — and
both provide manure. Crop residues and weeds are consumed by chickens or geese that
provide eggs and meat, a fishpond and a pig convert other residues into high quality
protein, and a few fruit trees provide shade and habitats for birds that keep the insect
population under control. This system is sustainable and productive, but it is labor and
land intensive. It is being displaced everywhere by industrialized and monetized
agriculture which substitutes machines and hydrocarbon fuels for horses, feeds cattle and
pigs on commercial feeds (including ground up animal parts), fertilizes the croplands with
chemicals and controls insects with other chemicals.

Notwithstanding a large number of amateurish enthusiasts, the small scale integrated
organic farm is clearly uneconomic in most parts of the industrial world. To be more
precise, such farms can be relatively self-sufficient, even in relatively small size, but they
produce significantly less surplus available for feeding the urban population. However,
agro-industrial operations that utilize organic wastes on a somewhat larger scale are both
technically and economically feasible in some cases. Such wastes are available on an
industrial scale in tropical plantations, sugar refineries, oil mills, breweries, pulp/paper
mills, meat processing, dairy processing, and so on. In some cases, the integration began
long ago and is already virtually complete. For instance, large scale meat processing in the
U.S. and Europe generates very little true waste — except some water pollution —
because economic uses have been found for virtually every part of the animal, including
hides, hair, bones, hooves, blood and even glands. The same is largely true of cane sugar,
grain and oilseed milling in the industrialized countries. Sugar cane waste (bagasse) and
sugar beet processing wastes are underutilized, however.

However, smaller scale food and fiber processing activities, especially in the tropics,
still generate a surprising amount of potentially utilizable organic waste. Paddy husk (from
rice) can be used in paper-making, as a fuel of for mushroom culture. It's potential value
is said to be greater than that of the rice itself. R. A. Wickramasinghe of the Central
Environmental Authority of Sri Lanka has compiled an astonishing list of potential uses of
different parts of the coconut palm, ranging from the major commercial use as oil (for
margarine, soap and candles) to activated charcoal, wood, roof thatch, rope, brooms,
vinegar, sugar, arrack, fodder, vitamin supplements, wound dressings and even teeth
cleaners. However, he points out that certain wastes, such as coir dust (from coconut fiber
processing) have virtually unlimited life in storage, but no known uses. Four million tons
of this material (which is 90 percent water) have accumulated in Sri Lanka alone.12

Several interesting possibilities for utilizing tropical wastes have been identified in the
UNU ZERI program, making use of mushroom farming, fish farming or other secondary
sources of food or feed [Pauli 1994; UNU 1995]. See Figure 8. For instance, a small beer
brewery in Namibia is now successfully recycling its water and organic wastes into a
series of potentially profitable secondary activities including mushroom growing and fish-
farming, while simultaneously conserving on the use of fresh water.

However the foregoing example also illustrates why isolated examples cannot
necessarily be generalized into a general economic development strategy. It is the fact that
Namibia is a near desert with very tight constraints on fresh water availability and use that
made this particular project economically viable. Also, the Namibia brewery utilizes
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sorghum as a feedstock, rather than barley which is normally used in the temperate
climates. Would a similar integration of activities to minimize fresh water consumption
make sense for Heineken's huge breweries in the Netherlands or Anheuser-Busch's
breweries in the US? The answer is far from clear. The only significant organic waste
from beer brewing is the "spent grain" from the brewing process, which accounts for
roughly 20 percent of the dry weight of the malt. This high protein material is normally
fed to animals. Much deeper analysis of the engineering and economic aspects of such
"one-off" projects is needed.

Wood pulp and paper production probably still constitute the biggest single source of
industrial water pollution in the world, despite great improvements in recent years. The
fundamental problem is that, for all types of paper except newsprint, roughly half of the
organic substance of the wood — namely lignins and ligno-cellulosics — is essentially
wasted. In the most efficient modern pulp and paper mills in Scandinavia and North
America these wastes are burned for energy recovery. But, given the high moisture
content, relatively little net energy is actually recovered and all of the potential chemical
"building blocks" in the material is essentially lost.
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One of the most interesting long-term possibilities, also identified in the UNU-ZERI
program, is the development of an innovative "steam cracking" technology 13 for separating
the cellulose fibers from pulpwood and simultaneously cracking the high molecular weight
lignins and ligno-cellulosic compounds. Lignocellulose, in particular, can be cracked to
yield cellulose (about 30 percent) hemicellulose and lignin. The latter can be utilized
mainly as a binder for particle board. However hemicellulose is a valuable feedstock. It
can be hydrogenated to produce xylitol (a sweetener), hydrolyzed to carbohydrates (sugars)
which can be converted to ethanol, or dehydrogenated to produce furfural, from which a
number of herbicides and rubber chemicals are subsequently derivable.

However, while some of these concepts are probably technologically feasible and
potentially economically attractive, they do not seem to "self organize" themselves
spontaneously. The Kalundborg case in Denmark, now approaching thirty years of age,
remains unique [Frosch & Gallopoulos 1989; Ehrenfeld & Gertler 1997]. The economic
system, as now structured, does not seem to encourage the emergence of integrated
"industrial ecosystems" except in very special cases. The explanation is open to dispute.
Regulatory barriers are one of the problems. However, the most plausible explanation is
that it is not possible to optimize at the system level without a long-term central planning
and coordination authority at the same level [Ayres 1996].

This planning and coordinating function might be accomplished most naturally by
centralized ownership — i.e. vertical integration — and "top down" management of the
whole system. But one should not rule out a priori the possibility of other modes of
organization, such as the Japanese keiretsu, that would be effective. A very powerful
marketing organization, a city or county, or even a non-profit foundation, might be able to
provide this essential planning and coordination function, for example. An even more
interesting possibility might be for the public authorities to create an integrated local
utility for each industrial park to provide electric power, process heat, space heat, water
and waste disposal services within the complex. In the first place, such an integrated
utility would automatically incorporate several internal synergies, such as the potential for
co-producing heat and power, and the potential for reducing solid waste disposal costs and
electric power generation costs by incineration. In the second place, such an enterprise
would have a strong incentive to create a joint venture with a building materials group that
could utilize fly ash and flue gas desulfurization wastes to cement, concrete products and
wallboard, much of which could be used on site. However, in its absence, the
decentralized "pure" market system, such that each activity (firm) interacts with the others
only by competitive buying and selling, is unlikely to achieve the desired degree of
integration.

In short, the inability of a group of decentralized manufacturing firms to optimize the
use of by-products and secondary resources, and thus to minimize overall waste and
pollution, constitutes a kind of market failure.

Organizational Perspective: From Products to Services

Waste reduction through process change is only the tip of the iceberg. It presupposes
no change in the mix of goods end services produced and consumed by the economy.
However great the potential for waste reduction (and dematerialization) by process change
alone, there must be much larger potentials at the system level. Some of these technical
possibilities are discussed briefly later.
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However, it is necessary to begin at the product level. This implies extending the
useful lives and increasing the recoverability of value from durable goods. It also implies
reducing the dissipative uses of materials (including fuels). As we have already noted,
incentives are of vital importance. A firm that simply sells it's products to others and
retains no responsibility for it's subsequent maintenance or disposal has no incentive to
facilitate longer life — quite the contrary — and little incentive to reduce operating cost if
that means significantly higher initial cost. In fact, a manufacturing firm has a clear
economic incentive to minimize product life so as to encourage early replacement. (The
automobile companies, in particular, have been accused in the past of adopting a deliberate
policy of "planned obsolescence" [e.g. Galbraith 1968]).

It follows that major opportunities to reduce waste by extending life, and reducing
operating and maintenance costs require one of two things. Either there must be long-term
responsibility on the part of the manufacturer itself, or there must be a service provider
with enough economic clout to dictate design specifications. In either case, some version
of vertical integration, by ownership or by contract, appears to be needed. This can be
termed "product internalization", to suggest the economic effect without using language
that has other connotations. The important economic implication is that in a "product-as
service" regime, products are capital assets and must be treated as such. Dissipative uses
will be discouraged naturally. Owners of such product assets will have every reason to
preserve them, upgrade them and recover value from them.

One of the major implications of internalization of durable goods by service providers
would inevitably be a sharp increase in re-use, renovation, reconditioning, remanufacturing
and recycling. Here again, one can foresee significant opportunities for double dividends,
since a durable product that is designed for long life, efficient reconditioning and eventual
remanufacturing can offer a much higher value per kilogram of embodied material over it's
useful life than a product designed for minimum initial cost.

For instance, if automobile engines were truly designed for remanufacturing, the most
complicated mechanical parts, such as the crankshaft, camshaft and the engine block itself
would be made of very hard and durable materials, but with easily replaceable wearing
surfaces such as roller bearings, piston rings and cylinder linings. The remanufacturing
process would consist of disassembly, washing, replacement of all wearing parts, including
gaskets and valves, and re-assembly. This could be partly mechanized, depending on batch
size, though it would definitely be more labor intensive than the original manufacturing
process. However, such engines would last indefinitely.

Leasing of durable goods by the manufacturer is the most obvious, and possibly the
most common way to achieve effective internalization. Many kinds of capital equipment,
including aircraft, are already leased by specialized leasing firms. However, in most cases
this is purely a financial arrangement to free up the buyer's working capital. The aircraft,
computer or machinery leasing firms are simply financial intermediaries; they take no
responsibility for either the operation or the maintenance of the equipment itself. These
responsibilities remain with the end-user, not the manufacturer. Here the aircraft case is
the best model, since airlines — service providers — handle their own maintenance, or
use specialized subcontractors, and have a very strong influence on airliner design.

The case of rental car firms is far different. Car rental firms do take responsibility for
maintenance, but only for relatively new vehicles. Operating costs (fuel) are simply passed
on to consumers. Rental cars are invariably sold through the second-hand market while
still relatively new – normally after only one or two years. Car rental firms, in practice,
are merely marketing arms for the automobile manufacturers (and are mostly owned by
them). They have no influence whatsoever on vehicle design. Insurers potentially have
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some influence in this domain, but they rarely choose to exert it. (For example, insurers
could do a great deal to influence manufacturers to make straightforward design changes
that would reduce the costs of car theft; up to now they have neglected to do so; instead,
cost have simply been passed on to consumers.) Thus, car rental, as currently practiced,
cannot be regarded as a significant step towards internalization. It would become so, only
if service providers were forced to compete to sell services directly (per trip or per
passenger km travelled) and if final disposal responsibility remained with the original
equipment manufacturer (OEM).

The issue of industry structure in a service-oriented society is also important. From
the standpoint of maximizing service output (and revenue) per unit of materials and energy
input, the optimum organizational structure would seem to be a vertically integrated
company whose operations encompass the entire life cycle of the product, from "cradle to
grave". The structure of AT&T (prior to its forced breakup) was close to this. One
subsidiary, Western Electric Co. designed and manufactured telephones and all the various
kinds of switching and transmission equipment for all the operating divisions of AT&T.
The individual Bell companies handled all maintenance for subscribers, and owned all the
phones. When any equipment was replaced, it was recycled (or remanufactured) as a
matter of course. The breakup of the system opened the way for independent equipment
manufacturers, but cut the links between design, manufacturing, maintenance and
recycling. Now old phones and other telephone equipment are not recycled, but are mostly
junked and sent to landfills.

The same sort of vertical integration once characterized the computer industry. In its
heyday, IBM manufactured all the equipment, wrote software, leased the computers to its
customers, did the maintenance under contract, and took back the old equipment when the
next generation machines were available. It is only to be expected that – despite the
rapidity of technological obsolescence – some reusable electromechanical parts and
components were recovered and reused in less demanding machines, such as card
punchers, sorters, magnetic tape readers, drums and printers. Why not? The customers
were paying for service, and the service was guaranteed by IBM.

As in the case of AT&T, IBM was forced by an anti-trust suit by the U.S.
government to "unbundle" its products and software, and to offer to sell computers and
peripherals outright, so that customers could (in principle) "mix and match". Although
IBM still takes back its old equipment when a leasing customer upgrades, it has been
more difficult to recover value, as electromechanical units were increasingly replaced by
purely electronic units which are more difficult to reuse or recycle. Xerox Corp, had a
similar rental with take-back policy in the early days, which also eroded over the years.
Now, a smaller proportion of the Xerox machines are leased, which has reduced the
number of returned end-of-life Xerox machines to just one half of those retired. These
cases illustrate the tradeoff between vertical integration and competition.

Examples of Value Recovery at the Product Level

Some automobile manufacturers — notably BMW and Mercedes — have been
recovering used components from dealers, such as bumpers, starter motors, transmissions
and alternators from damaged vehicles, refurbishing and reselling them as qualified spare
parts. In principle, take-back legislation, if fully implemented, will give OEMs a much
stronger incentive to design durable goods for easier disassembly, recovery of valuable
parts for remanufacturing, and easier recycling of less valuable materials. The proposed



R. U. Ayres Toward Zero Emissions: Is There a Feasible Path? Introduction to ZERI phase II 	 as printed on September 1, 1997 	 Page 27

German take-back legislation motivated BMW to announce (in 1991) that it would take
back any BMW for disposal, even outside of Germany (Financial Times, June 29, 1991).
The company also built a pilot disassembly plant, which opened in Dec. 1991[den Hond &
Groenewegen 1993]. The objective was to use the experience gained to develop a network
of several hundred dismantling firms in Germany that cooperate officially with BMW to
recover usable parts and components, as well as plastics, fluids, etc. thus improving the
quality of shredder feed and reducing the amount of non-recyclable shredder waste.

As of 1992, Mercedes-Benz was exploring a more innovative recycling scheme
(jointly with Voest-Alpine-Stahl of Austria), which also starts with dismantling to recover
usable parts and non-ferrous metals such as the catalytic convertor, but by-passes the
shredder. Instead, the hulk is crushed and dumped whole into a "melt reactor" that uses
the energy embodied in the remaining plastics as fuel to melt the steel and vaporize the
heavy metals such as zinc and lead [ibidJ. The latter can be efficiently recovered from flue
dust. This scheme has the incidental virtue of potentially utilizing excess basic oxygen
steel furnace capacity.

VW announced that it will take back any Golf model produced after 1992. It is also
investigating the potential for recycling materials from parts to produce the same parts,
beginning with bumpers and gas tanks. Ford and VW also have experimental dismantling
projects in Germany, and Peugeot has one in France. But these projects are mainly aimed
at reducing or utilizing shredder waste [ibid]. For example, the Peugeot project envisions
the use of shredder waste as fuel for a cement plant [ibid]. Indeed, as of 1992, virtually all
the major automobile manufacturers were investigating the possibilities for parts recovery,
refurbishing and recycling. This is a step in the right direction, but only a small one so
far.

The automobile firms are laggards in terms of remanufacturing as compared to some
others. Remanufacturing is a way of recovering more value from a discarded or worn out
product than recycling, which recovers only the underlying material. The Cookson Group
Ltd, a British firm operating in several specialty material areas, has adopted this approach
in several different fields. One of its products is refractory brick for steel furnace linings.
In the past, these refractory bricks — made of chromite — were generally discarded and
replaced after use. Now, Cookson rents them. When the furnace needs relining, the firm
takes back the old refractories and remanufactures them. Another product of a Cookson
subsidiary is solder and solder paste for the electronics industry. Due to German waste
disposal regulations, the firm had to take back unused solder past in glass jars, which then
had to be cleaned. The wastes, containing lead, are a hazardous waste and disposal is
extremely costly. The problem was solved by a clever innovation, namely to sell the
solder paste in containers of pure tin. When unused paste is returned, these containers —
plus contents — are simply dropped into the melt for the next batch of solder.

Dow Chemical Co. (Europe) remanufactures chlorinated solvents used in the
electronics sector that were formerly lost to the environment by evaporation. A small
service company jointly owned by Dow and a German waste management firm provides
special hermetically sealed tanks for spent solvents, which are taken back at intervals and
redistilled. In effect, Dow is now renting, rather than selling, these solvents. Dow is
working on a similar approach to take back and redistillation of automotive antifreeze
fluids.

Rank Xerox has pioneered remanufacturing of its sophisticated copiers at a profit.
Since 1987 the firm has offered to take back any old copier from a new customer. About
50% of the units being replaced are now being returned to a special facility in the
Netherlands. They are inspected, sorted and classified. Depending on the results, the
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returned copiers are (1) simply cleaned and reshipped (mainly in the case of demonstration
models), (2) partly dismantled to the subsystem level, refurbished, tested, reassembled and
reshipped, (3) fully disassembled to the component level, with useful parts and subsystems
identified, refurbished, tested and then used for the remanufacturing line or (4) junked. All
metals and some plastics from a discarded copier are then recycled as materials.

Remanufactured Xerox copiers are sold with standard warranties but at a discounted
price (about 30% off). Sales are brisk. The remanufactured units compete with new units,
but the company makes an overall profit nevertheless, because it has to buy significantly
less from outside suppliers. Of course, the environmental benefits are indirect, but
significant. Savings in landfill requirements are only the tip of the iceberg. The major
benefits arise from the reduced need for virgin raw materials and all of the associated
energy and waste generation along the line.

Xerox is now engaged in selling a service rather than a product. (It calls itself "The
Document Company"). With this new perspective it has begun to alter the design of the
product to facilitate the asset recovery process. The first fruits of this "design for
environment" process is a reduction in the number of different plastics in the copier.

A number of PC manufacturers, beginning with IBM, have started to recover materials
and components from discarded PCs. The procedure is similar to that employed by Rank-
Xerox, but less far advanced. The items of greatest value are monitors, microprocessors
and memory chips. IBM, Siemens-Nixdorf, Hewlett-Packard and the other computer
manufacturers do not use these parts in PCs, at least in Europe. They do seek other
markets for recovered components, however, such as to game manufacturers. In the U.S.
there are firms manufacturing low priced PCs (e.g. for schools) using parts and
components from older machines.

One of the barriers to remanufacturing as a viable commercial strategy is the
perception — carefully fostered by OEMs — of reduced quality. The remanufactured
copiers and computers for a commercial market can overcome this problem, to a degree,
by offering remanufactured products at lower prices but with warranties equivalent to new
products. In effect, the only difference between a remanufactured product and a new one
is that the remanufactured one performs like the original from an earlier model year,
which may be slightly less advanced than the latest product.

Individuals and household users are naturally harder to convince. For instance,
consider the case of tires. About 10% of the tire's mass is lost to frictional wear, but over
90% of the value is lost (allowing for the possibility of energy recovery via incineration),
unless it can be recovered and retreaded. This creates a considerable economic opportunity
for remanufacturing. Retreaded tires have long been available as cheaper alternatives to
new tires, but they have not been equivalent in terms of quality, especially for automobiles
driven at high speeds. The quality differential has been (and still is) real, not imaginary.
But it is largely due to the fact that the retread industry has obtained its tires from
automobile "graveyards" and new tire dealers, many of which were too worn for
retreading. The necessary inspection and sorting to eliminate marginal tires (which then
have to be disposed of safely in some other way) is both costly and imperfect. There is an
obvious bias toward retreading some marginal tires — which later cause problems. As a
consequence, the market for retreads to private owners is actually declining. (Another
consequence is that there are now nearly a billion old tires in "temporary" storage around
the U.S. All but two states forbid landfilling tires as such).

Yet, this quality differential can be overcome by a commercial fleet operator who
changes tires according to a maintenance schedule, not according to visual inspection by
an unqualified owner or service station attendant. As a result, there is now a viable retread
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industry operating serving commercial fleets of heavy trucks and aircraft. These heavy-
duty tires are typically retreaded as many as 4-5 times and have effective lives much
longer than light duty tires [Ferrer 1997].

Another step in the right direction, which has required no legislation, is the trend
toward OEMs taking over long-term operation and maintenance and even providing the
final service itself. More and more capital goods manufacturing companies are finding that
an increasing part of their revenue comes from selling services. Examples include the
postage meter manufacturer (Pitney Bowes), which is taking over mailroom operations,
copier manufacturers (e.g. Xerox) taking over copying and document transmission
operations for customers, elevator manufacturers (e.g. Otis, Schindler) handling long-term
service and maintenance as well as building and installing elevators, and computer
companies (e.g. IBM) taking over computer operations and networking services for clients.

In effect, some of these large companies are shifting gradually from a traditional
product-orientation to a service-orientation. The change is truly fundamental, since a
product-oriented firm is driven to maximize unit sales of equipment, whereas a service-
oriented firm is one that has deliberately undertaken to market customer service while
retaining ownership and long term responsibility for the product that delivers the service.
In principle, such a company will make innovative changes in the design and production
processes to lengthen product life, facilitate repair and disassembly, and minimize
maintenance costs and energy consumption throughout the product's life-cycle. It will also
seek to recover and remanufacture valuable subsystems, rather than allow them to be
junked, thus reducing manufacturing costs and increasing profits. Most important, from an
environmental perspective, a remanufactured product requires less virgin materials than a
new one and this means less energy consumption and waste emissions in the whole
sequence of industrial processes from mining to refining.

Examples of Eco-efficiency at the Systems Level

It is difficult to cite actual examples of eco-efficiency innovations at the system level,
since the process of evolutionary change has not yet reached that point. Since the only
examples that can be discussed are essentially hypothetical, it is not worthwhile going into
great detail. One illustration of the potential should suffice.

One of the most materials and energy intensive of all human activities is
transportation. Passenger transportation is largely (c. 90%) provided by private
automobiles, in the U.S., with the remainder mainly by aircraft. Both modes are extremely
energy intensive. They also account for a large fraction of all air pollution, both directly
and indirectly (due to fuel combustion products). In fact, it is fair to say that the long-term
goal of multi-fold dematerialization cannot be achieved without a major change in the
passenger transportation system at the systems level.

From a technical standpoint, such a change could involve some combination of
redesigned ultra-light electric or hybrid rental vehicles for individual use; centrally
dispatched passenger-sharing for commuters and passenger-sharing taxis and limousines
for serving airports, railway terminals and city centers; special reserved lanes for buses
and multi-passenger limos; high speed inter-city rail systems with efficient "piggy-
backing" arrangements for private cars; plus substantial increases in "teleworking". It is
not difficult to conceptualize a combination of such schemes that would reduce energy use
by 90% or more.
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The problem, as in other cases, is that an integrated transportation system could not
work without a central planning and coordination authority at the systems level. Only
central governments could accomplish this. Yet, central planning and coordination should
not mean centralized "command and control" by government itself. Major social and
organization innovations are needed, but their detailed shape is difficult to envision at this
point in time. It is likely, however, that one component of the overall scheme would have
to be a road-use tax (congestion tax) or fee. A newly created public — or even private —
corporation that "owns" and operates the streets and roads, as well as the rail lines, but not
the vehicles, might be the agency to solve the coordination problem. But the transportation
services per se should be provided by several competing operating organizations.

Double Dividends, Win-Win Solutions and Low Hanging Fruits'

It would be futile to advocate such a far-reaching re-structuring of human economic
activity without specifying feasible near-term strategies and paths to accomplish the long-
term goal. It is not enough to demonstrate that a project can be done by mobilizing a lot
of engineering talent and financial resources. Nor can the Cold War be used as a
justification for enormous but unrewarding effort, as it was in the case of the Apollo
Project. Under the present straitened financial circumstances of most governments, it will
be very difficult to make a long term but ill-defined goal like "Factor Ten" be so
compelling to the public that governments feel justified in charging the costs to
overburdened taxpayers. Even the relatively minor costs of "end-of-pipe" emissions
control — despite demonstrable public health benefits — are becoming burdensome to
some industries. This is currently generating some backlash against environmentalists and
environmental controls.

The fundamental criteria for success in the first stage are, therefore (1) technical
feasibility and (2) achievable economic benefits to the non-governmental (i.e. taxpaying)
sector, in the near-term. It is thus necessary to show, by practical demonstration, that the
project makes sense economically as well as ecologically. This means that every project
voluntarily undertaken by industry must exhibit a double dividend. (In other words, it must
satisfy the PPP or WRAP criteria). Real environmental benefits must be accompanied by
realizable profits for investors and/or tangible economic benefits for consumers.

This is a major challenge. Techno-optimists tend to dismiss such doubts by hand
waving., But many mainstream economists — who are very influential in policy-making
circles — have expressed doubts that there are significant opportunities for combining cost
reduction and pollution reduction. This issue is important, partly because there has been a
controversy regarding the extent to which pollution prevention through process change can
be expected to be profitable in the first sense. This controversy was low level and
academic until the publication of a widely quoted article by Michael Porter, "America's
Green Competitiveness Strategy" [Porter 1991], lauding the beneficial impacts of
regulation on innovation. The article was subsequently quoted by Vice President Gore.
Yet, there is still a lot of skepticism, both among economists [e.g. Palmer & Simpson
1993; Jaffe et al 1995] and non-economists. For instance, the following quote comes from
Harvard Business Review:

"Questioning today's win win rhetoric is akin to arguing against motherhood and
apple pie. After all, the idea that environmental initiatives will systematically
increase profitability has tremendous appeal. Unfortunately, this popular idea is
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also unrealistic. Responding to environmental challenges has always been a costly
and complicated problem for managers. In fact, environmental costs at most
companies are skyrocketing, with little economic payback in sight. . .To achieve
truly sustainable environmental solutions, managers must concentrate on finding
smarter and finer trade-offs between business and environmental concerns,
acknowledging that, in almost all cases, it is impossible to get something for
nothing." [Walley & Whitehead 1994]

The counter-argument for "double dividends" and "win-win" is worth articulating
explicitly. Even for natural resource processors, such as mining companies, metallurgical
firms, petroleum refiners, paper companies, food processors and even electric power
companies, eco-efficiency is a dynamic strategy that presupposes both existing and likely
future environmental risks and regulation, and their costs, as "facts of business life". From
this perspective, reducing the likely costs of doing business in that future environment can
legitimately be regarded as a real saving, as compared to the future costs of continuing
current practices.

By contrast, the more static (and more standard) view, as exemplified by Walley &
Whitehead [ibid], tends to make comparisons with respect to a cost baseline that is not in
the future but in the past. The W-W baseline is a hypothetical world without
environmental damage or liability. It is also a world in which firms have already made the
optimal choices of technology, given the cost of labor and energy and the prices of raw
materials and products. But the skeptics (of which we take W-W to be representative) can
make a fairly strong quantitative case that "environmental concerns" are costly, because
the bulk of environmental expenditure to date — and mandated by laws such as the Clean
Air Act — has necessarily been restricted to "end of pipe" waste treatment.

In other words, the unavoidable costs Walley & Whitehead (and other skeptics) refer
to are the costs of achieving very slight improvements in process efficiency to eliminate a
trace pollutant, or the costs of converting wastes from a harmful form into another. An
example of the first kind is the catalytic convertor, which reduces carbon monoxide,
unburned hydrocarbon and nitrogen oxide emissions from internal combustion engines.
Examples of the second kind are sewage plants, electrostatic precipitators and "scrubbers"
to remove particulates and sulfur dioxide, respectively, from combustion products. The key
point here is that the "end of pipe" treatment technologies such as the above do not
involve fundamental process change. In fact, the whole point is to avoid it. So, it is not
surprising that such technologies add to costs (and complexity) and offer no economic
benefits with the dubious exception of possible export opportunities for manufacturers of
the equipment. 16 On the contrary, there is a much stronger case for believing that there are
many unexploited win-win opportunities for double dividends in the areas of
dematerialization and waste reduction by process change.

Many economists believe that the economic system is fairly efficient at identifying
and exploiting real opportunities for profit, whence the economic system can be assumed
to be very near its optimum state – called Walrasian equilibrium – at all times. 17 If this
were true, when a scientist or engineer identified an opportunity to save energy, or reduce
pollution, while simultaneously reducing costs, the believers in equilibrium would say that
the opportunity is probably illusory, because there are must be "hidden costs" that the
scientist or engineer failed to take into account. If the opportunity were real some
entrepreneur would have taken advantage of it. Obviously, in such a world it is harder to
find win win opportunities. But that is not try - world we live in now, or will inhabit in the
future.
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The counter-argument is simple. It is possible to cite literally hundreds of specific
cases where investments in energy conservation have yielded impressive – even enormous
– returns on investment. Sometimes these savings, which go straight to the firm's bottom
line, turn out to be far beyond the average return obtained by the average firm.'

Examples of win-win or double dividends in the literature are plentiful. For instance,
the 3M Company began its in-house program, called "Pollution Prevention Pays" (PPP), to
encourage employees to notice and implement opportunities to reduce energy consumption
and pollution and thereby eliminate costs of "end-of-pipe" pollution control. This program
has been extremely successful, both from an environmental protection perspective, and
also from an economic standpoint. The 3M Company estimates that it has saved $482
million by waste reduction while eliminating 500,000 tons of process wastes, plus
additional cumulative savings of $650 million through energy conservation. Dow's similar
program, "Waste Reduction Always Pays" (WRAP) also claims to have achieved
substantial economic savings as well as environmental benefits. The US EPA asserts that
the use of energy efficient lighting (such as compact fluorescent bulbs) in the US would
reduce electricity consumption (hence costs) by 10% while cutting air pollution 4% to 7%.
Many other comparable examples can be cited [e.g. Schmidheiny 1992; Porter & Van der
Linde 1995; Boilifant & Van der Linde 1995; Fussler 1996].

Much more comprehensive studies have been carried out that strongly confirm these
findings. For instance, the U.S. EPA commissioned a study (by Versar Inc. and Jacobs
Engineering Group) of payback from waste minimization projects in 1992. Of 28 cases
examined in that study 54% produced investment payback in less than one year and 75%
in less than two years. Only 7% required more than four years to recover the investment
[Teclaw 1993]. Another such survey, carried out by the Southwest Technology
Development Institute for the U.S. Department of Energy (DOE), reviewed 75 cases for
which both technical and economic data were available [Fischer & Zachritz 1992]. Mean
payback time for these 75 projects was 1.58 years; in financial terms each dollar invested
yielded a net present value of $3.89, or an average return of 389% [ibid].

Indeed, the U.S. Office of Technology Assessment concluded from these and other
studies that a 10% reduction in waste generation each year, for the next five years, would
be technically and economically feasible [USOTA 1992]. By "economically feasible",
OTA meant that the macro-economic benefits, properly calculated, would significantly
exceed the costs. In fact, a detailed study for DOE, covering the 7 sectors that account for
most U.S. industrial waste, reached some interesting conclusions [CONSAD 1993]. First,
cumulative waste reduction from 1996 through 2010 of about 1.3 billion tons (for the
U.S.) were achievable, with significant cost reductions and efficiency gains. Second, these
potential gains were estimated (using an input-output model) as increased cumulative GDP
(1996-2010) of $1936 billion (1992 $) with a net present value — as of 1993 — equal to
$335 billion (1992 $). Third, these gains would also result in estimated employment
increases of 16 million person years over that 15 year time period. Moreover, the benefits
would continue after 2010. In short, a national policy of waste reduction (DOE's term) or
waste minimization (EPA's term) looks like a double dividend (win-win) opportunity of
significant magnitude.

There are obviously a lot of assumptions and extrapolations in any macroeconomic
study such as the one cited above. One of the key assumptions is unexploited opportunities
really do exist. (This is based on "bottom up" technological considerations). Another
assumption is that both private and public sectors devote a larger fraction of R&D
resources to the search for cost-effective opportunities for process improvement and waste
reduction. A related assumption was that R&D in these areas would yield social and
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private returns to R&D comparable to R&D carried out in the past. All of these
assumptions will no doubt be challenged by some economists, on the grounds that R&D
resources are already being allocated optimally. Clearly, the fundamental disagreement is
doctrinal; it is not likely to be resolved by argument. However, this is not the place for a
detailed critical assessment of the theoretical foundations of neoclassical economic
analysis.

Returning to the firm level, we necessarily rely more on case histories. As always, the
skeptics can argue that the it is unrealistic to draw conclusions based on "a few"
successful projects. At present, the skeptics remain unconvinced.

However, in this connection, it is clear that a lot depends on how the corporate
accounting is done. In particular, much depends on how corporate accountants treat hidden
and/or future costs, both internal and external to the firm. A hidden cost can be a real cost
that is normally lumped into corporate overhead and not allocated to specific products
(such as pollution control). Or, it can be a potential cost that is far in the future, such as
the future expenditures in environmental remediation or health problems caused by
pollution generated during the raw material extraction or refining process, or unsuspected
harm from the product itself. The ideal accounting system would reflect all such potential
liabilities, and the savvy management would not overlook them. The need to do so, in
turn, would provide strong incentives to minimize the possibility of such future liabilities.

Evidently, a company adopting a standard accounting system will tend to view
expenditures on pollution prevention as "costly" (because the liabilities they reduce are
hidden from management view). The standard accounting system, therefore tends to
support the W-W perspective on the rarity of win-win opportunities. On the other hand, a
firm with a "forward-looking" accounting system will view many environmental protection
expenditures as good financial investments. This is apparently the philosophy that has
guided profit-seeking companies like 3M and Dow. It is certainly the philosophy that
underlies the eco-efficiency paradigm.

There is growing evidence of another sort that double dividends can be found if firms
take the trouble to look for them. The evidence growing is that "green" companies perform
marginally better, in conventional economic terms, than "brown" ones. Several "green"
investment funds have outperformed the averages, for instance. Among them was the one
year old Storebrand Scudder Environmental Value Fund, which achieved a return on
investment over 20% in its first year (International Herald Tribune, June 23, 1997).
Several new "green" funds are currently being launched, including Sustainable
Performance Group (SPG), a new fund backed by Swiss Reinsurance AG and the Volkart
Group, a trading firm.

A study entitled "Environmental Performance and Shareholder Value" by the World
Business Council for Sustainable Development , based on a review of the performance of
50 investment funds in the US that take environmental criteria into account, reached the
conclusion that care for the environment is financially rewarding. (Such specialty funds
account for only 0.5 % of managed funds). So did a study by ICF Kaiser, which reviewed
the performance of 300 large public companies in the U.S. and concluded that the firms
with the best environmental performance had lower perceived risk and 5% higher stock
prices than did other comparable firms (International Herald Tribune, June 23, 1997). At
least three other recent studies, by different groups, have reached similar conclusions,
including one study by Yamashita, Sen and Roberts of firms that perform poorly in
environmental terms that found these companies also performed poorly in other respects
[ibid]. Finally, a recent study by Hamburger Umweltinstitut (the Institute founded by
Michael Braungart) carried out a survey of the 50 largest chemical and pharmaceutical
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firms in the world and ranked them in terms of both environmental and financial
performance from 1994 through 1996. The survey found that the 15 ecological leaders
achieved an average return to investors of 76.4% compared to a return of 59.9% for the 15
laggards (Wall Street Journal, June 19, 1997).

Conclusions

The major points I have made above can be summarized succinctly. First, long term
sustainability depends on massive reductions in the generation of waste and pollution.
This, in turn, implies a comparable reduction in the extraction and processing of virgin
raw materials, and a gradual closure of the materials cycle. The change must be initiated,
and implemented first, in the industrial countries which now account for most of the
world's material and energy consumption.

Second, this program of waste reduction and dematerialization need not be impossibly
costly. There are major opportunities for near-term savings at the process level, even given
current energy prices. These opportunities would be substantially increased in the event of
higher energy prices, whether due to government policy (such as a carbon tax) or due to
political events, or simply from gradual exhaustion of the cheapest international sources.

Third, there are even larger — albeit longer term — opportunities for
dematerialization at the product level. In particular, we stress the technical opportunities
for increasing the lifetime value provided by durable goods, through redesign for increased
operating efficiency and recovery of asset value by reuse, reconditioning and
remanufacturing. However, it appears that these opportunities are not likely to be exploited
as long as original equipment manufacturers are able to avoid responsibility for operating
and maintenance costs and ultimate disposal. Only when these costs are all born by the
same organizational entity — a service provider — will the incentive system work to
minimize materials and energy use.

Finally, there will be enormous opportunities for increased resource productivity at the
systems level. The example of the transportation system has been discussed briefly to
illustrate the point. Clearly, major social innovations will be required before these
opportunities can be achieved in practice.

The economics of dematerialization and eco-efficiency are also discussed at some
length. It is clear that private firms will only adopt environmentally beneficial changes at
the product/process level when the private benefits are also sufficient to justify the
investment. There are many more such "win-win" opportunities than skeptics suppose, but
governments will have to intervene to accelerate the process of change, and to extend it's
range. Energy (or carbon) taxes — sometimes called "green fees" — would be one of the
ways in which this could be done. R&D subsidies are another.
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Endnotes

1. [See Schmidheiny 1992; Fussier 1996]
2. One of the early works including the underlying ideas of eco-efficiency is Bruce Smart (ed.) Beyond

Compliance: A New Industry View of the Environment, World Resources Institute, Washington DC 1992
[Smart 1992]

3. The notion of "internalizing" can be understood in the context of economic theory as eliminating
externalities, or external costs. For those not trained in economics, an external cost is a cost to a third party,
not directly involved in a buy-sell transaction. Pollution, noise, congestion, and so on, are all externalities,
in that they are costs that have to be borne by people who had no part in (and no gain from) the economic
activities and transactions that caused the problem. Generally, such costs should be charged to those who
caused them. This idea is sometimes expressed as the "polluter pays principle". In the case of pollution,
it is generally optimal for the cost to be charged to the party that has the greatest potential for eliminating
the pollution through process or product redesign, namely the manufacturer. In principle this could be done
by imposing a tax equal to the social cost of pollution, and using the revenues to compensate those who
suffer damage. (For a more detailed survey see [Goulder 1995].)

4. Consumer goods, such as food products, cosmetics, pharmaceuticals, household cleaners, and so on do not
embody enormous amounts of materials, except as packaging. The problem of reducing excessive use of
packaging materials can be dealt with in other ways.

5. This concept proposal was first set forth by EPEA [Braungart et al 1990], and it has been elaborated since
then in several stages (copyright EPEA 1990, 1991, 1992, 1993). The concept was described and published
in the Fresenius Environmental Bulletin 1992; it was awarded the Oc6 van der Grinten prize for innovative
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economic systems in 1993.
6. This is currently being done in Kalundborg, Denmark, where FGD waste from the ASNAES power plant

is used as feedstock for the GYPROC wallboard plant [Ayres & Ayres 1996].
7. The substitution of aqueous cleaning agents for hydrocarbon or chlorocarbon solvents is an example of the

first. The incineration of water treatment or sewage sludges is an example of the second. Incineration
converts solid wastes into airborne wastes, usually to save landfill space.

8. For instance, [USOTA 1986; OECD 1987; Hirschhorn 1990; Jackson 1993; UNEP 1994].
9. The scheme is described by Paul Hawken [Hawken 1993].
10. Frederick Talbot wrote a fascinating book entitled "Millions From Waste" (Philadelphia: Lippincott & Co.,

1920), describing numerous practical technologies for recovering value from wastes. Chapter headings
include: "salvage from the army swill tub", 'the reclamation of military organic waste", "winning wealth
from slaughter house offal, condemned meat, bones and blood", "turning wastes into paper", "potato waste
as an asset to industry", "converting nitrogenous refuse into soap", "turning old oil into new" and so on.

11. See, for instance, the Recovery, Recycling, Reintegration Congresses held in Geneva, (R-1995, R-1997),
A. Barrage & X. Edelman (eds), published by the Swiss Federal Laboratories for materials testing and
research (EMPA); also the proceedings of the 3rd International Recycling Conference of the ASM
(Barcelona, 1997).

12. The items mentioned in this paragraph all came from materials in my files that were evidently distributed
at a workshop on the development of non-waste technologies in developing countries. Unfortunately I have
no further details on when, where or under whose sponsorship this workshop was held,

13. The Tigney process was originally developed in Canada, but much of the further development has been
carried out in Estonia.

14. One may want to distinguish between the three. The fast two are essentially equivalent: in this context, they
refer to opportunities to reduce environmental harm while simultaneously making profit. Investments may
be required, but they can be expected to generate reasonable returns. The "low hanging fruits" generally
refers to neglected opportunities for savings that can be achieved at no (or negligible) sacrifice, once
recognized.

15. Estimated at 2% of GNP, more or less.
16. It is unfortunate that Michael Porter and others have emphasized this sort of "competitive" benefit, rather

than clarifying the distinction between waste treatment technology and waste reduction or waste
minimization [Porter 1991; Porter & Van der Linde 1995].

17. In brief, the standard neoclassical economic theory assumes the economy is always in, or close to
equilibrium, which is another way of saying that all economic agents have made optimal choices, including
choices of technology. If they have already made optimal choices, based on current conditions, then there
are no (or very few) "free lunches" available. However, there is no real proof that the economy is really
close to equilibrium and many kinds of anecdotal evidence suggest that it is not [Ayres 1994]. Moreover,
even in the neoclassical paradigm, it is impossible to explain growth except by assuming exogenous
technological change. It is also impossible to explain how R&D, or indeed any investment, could occur in
a true competitive equilibrium.

18. There is, however, a stronger argument available. It is this: If the economy were really in, or very near,
some Walrasian equilibrium, there would be no opportunity for innovation or risky but high-return
investments (or for investment advisors). It follows that there couldn't be any exceptional profit
opportunities of any kind. Why? Because, according to the orthodox theory, if such opportunities did ever
occur, in a competitive equilibrium, some entrepreneur would have already found and exploited it! All
investments would necessarily yield roughly the same rate of return. Obviously they do not. See [Ayres
1994].
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