
MATERIALS AND THE ENVIRONMENT

by

R.U. AYRES*

96/50/EPS

This working paper was published in the context of INSEAD's Centre for the Management of Environmental
Resources, an R&D partnership sponsored by Ciba-Geigy, Danfoss, Otto Group and Royal Dutch/Shell and
Sandoz AG.

*	 Sandoz Professor of Management and the Environment at INSEAD, Boulevard de Constance, 77305
Fontainebleau Cedex, France.

A working paper in the INSEAD Working Paper Series is intended as a means whereby a faculty researcher's
thoughts and findings may be communicated to interested readers. The paper should be considered
preliminary in nature and may require revision.

Printed at INSEAD, Fontainebleau, France.



MATERIALS AND THE ENVIRONMENT

Robert U. Ayres
CMER, INSEAD
Fontainebleau, France

August 1996

Abstract

This article briefly reviews the link between physical laws and economics, especially the
mass balance principle and the fact that economic processes invariably generate wastes equal
in mass to raw material inputs and that are thermodynamically degraded as compared to raw
materials. Some practical implications of these principles are reviewed briefly. One is the
fact that the mass of process wastes, in general, far exceed the mass of materials that are
finally embodied in useful products. The major categories of materials, namely fuels, metals,
non-fuel minerals and synthetics, are reviewed briefly from the standpoint of waste generation
and environmental impact. The problem of dissipative use of intermediates such as lubricants,
solvents, pigments and cleaning agents is discussed. The notion of a materials cycle is
discussed, along with some of the possible strategies and policies for (partially) closing that
cycle to reduce aggregate waste emissions, e.g. by encouraging higher levels of renovation,
recovery, remanufacturing and recycling. A number of tables are included.

To be published as chapter 67 in the Handbook of Environmental and Resource Economics, Edward Elgar
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Introduction: The First and Second Laws of Thermodynamics

The laws of physics most constraining to technology (and therefore to economics) are the
first and second laws of thermodynamics. The first law of thermodynamics is the law of
conservation of mass/energy. Since mass and energy are equivalent (Einstein's equation), this
law actually implies that mass and energy are separately conserved in every process or
transformation except nuclear fission or fusion. Putting it another way, any process or
transformation that violates this condition is impossible. Something cannot be created from
nothing.'

This law has surprisingly non-trivial consequences for neo-classical economics. Contrary
to the more superficial versions of standard theory, where goods and services are mere
abstractions, production of material goods from real "raw materials" inevitably results in the
creation of waste residuals, including waste energy. In other words, "consumption" is a
metaphor insofar as goods other than food or drink are concerned. (Even the consumption of
food and drink generates wastes, of course).

The second law of thermodynamics is, in some respects the more fundamental of the two
laws. It's precise statement need not concern us here. (See, however, the article on Entropy
in this Handbook). However, roughly speaking, the Second Law reflects the fact that most
physical processes are irreversible in the sense that systems tend towards physical and
chemical equilibrium. Differences and gradients tend to be reduced and smoothed out over
time. This tendency is reflected in the existence of a function, called "entropy". Entropy
increases in every real process, and reaches a maximum only when the system reaches final
equilibrium with its surroundings. Final equilibrium is a state in which every reaction that can
occur has occurred and "nothing happens, or can happen".

A further consequence of the second law of thermodynamics — the so-called "entropy
law" — in combination with the first law is that the "useful" products from a process tend
to have lower entropy than the raw material inputs, while the "waste" residuals from
economic processes have higher entropy than the inputs to the process [Georgescu-Roegen
1971]. Since high entropy waste residuals have no positive market value to anyone (by
definition) but do not disappear by themselves, they tend to be disposed of in non-optimal
ways. The usual fate of wastes is disposal by using common-property environmental resources
as "sinks". This is a built-in and pervasive market-failure, or externality [Ayres & Kneese
1969].

In fact, the quantity of wastes associated with raw material extraction often far exceeds
the amount of useful product. For instance, about 250 tons of copper ore must now be
processed to yield a single ton of virgin copper (global average), not counting large amounts
of process water. For scarcer metals, like silver, gold, platinum and uranium, the quantities
of waste material per unit of product are in the tens or hundreds of thousands of tons per ton
of metal. Examples of overburden and concentration waste are shown in Table I. The case
of zinc is illustrated in Figure 1.

The discharge of wastes to the environment creates a variety of possibilities for adverse
effects on man and nature, both direct and indirect. Major examples include:

disturbance to land (from mining, materials processing construction, or waste
disposal)

• contamination of soil, ground or surface water, used by humans, livestock or for
irrigation (by acids, sludges or toxic industrial wastes). Secondary effects on fish,
birds, etc.
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• contamination of air by toxic or irritating combustion products, (TSP, SOx, N0x)
with direct effects on health, or

• disturbance of fresh water ecosystems by eutrophication or acid rain deposition

• disturbance of ocean ecosystems due to oil spills, ocean dumping, ocean mining, etc.

• climatic disturbance due to buildup of CO2 and/or other chemical pollutants in the
atmosphere

The Materials Balance Principle

The materials balance principle, a direct consequence of the first law of thermodynamics,
states that, at each physical transformation process, or stage of a process-chain, the mass of
inputs (including any unpriced materials from the environment) must exactly equal the mass
of outputs, including wastes. For continuous process, this balance condition must hold for any
arbitrary time period.'- It also holds for each chemical element independently, since chemical
elements do not transmute (except in a nuclear reactor). Moreover, in many processes, non-
reactive chemical components, such as process water and atmospheric nitrogen, can also be
independently balanced. Thus half a dozen, or more, independent materials balance constraints
for different chemical elements may have to be satisfied for each steady-state process.3

These facts actually provide a powerful tool for estimating waste residuals from industrial
processes, since the outputs of one sector become the inputs to another. Even where the
process technology is unknown, it may be sufficient to obtain data on purchased inputs and
marketed outputs. To cite a practical example of the use of the principle, there are two ways
to estimate the emissions of fluorine from the aluminum smelting process, or the emissions
of mercury from the chlorine production process. The first way is to measure directly the
fluoride or mercury contents of all waste streams. This is, however, no easy task since the
measurements are inherently difficult and even so-called continuous processes are subject to
periods of start-up and shut-down when emissions may be very far from average. The other
approach, using the mass balance principle, is to measure the inputs very carefully. Knowing
that all fluorine inputs to the aluminum process, and mercury inputs to the chlorine production
process must be to replace losses (none is embodied in the product), it is easy to conclude
that average losses (to all media) must equal average inputs, subject only to an inventory
correction.

Obviously, if the emissions measurements are done carefully enough, the two methods
should agree. But, as a practical matter, they rarely do agree. The use of the mass-balance is
a very helpful means of verification and — in some cases — uncovering measurement or
accounting errors. The mass balance principle is thus applicable to every level of an economic
system, from the activity, firm or branch to the industry, region or nation.

The Sources, Uses and Emissions of Materials

At present, the industrial economy depends largely on extractive resources. There are
several generic stages of materials processing. The first stage is, of course, pumping, mining,
quarrying or harvesting of some kind. The next stage is a physical concentration process in
which unwanted materials such as water (from mines or oil wells), overburden, mine tailings,
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stems, leaves, husks, pits, branches or bark are discarded. In the next stage the concentrates
are both physically and chemically separated from unwanted or less valued elements or
contaminants. For instance, unwanted sulfur and ash are removed fossil fuels, and petroleum
is further separated into components by distillation. Some components are chemically
transformed by thermal or catalytic "cracking", alkylation, reforming, and so on. Petrochemi-
cal feedstocks are hydrocarbons mostly produced from natural gas or petroleum refineries.
Synthetic chemicals and materials, such as plastics, are essentially recombinations of these
elements with a few others (oxygen and nitrogen from the air, chlorine from salt).

In the case of metals, the unwanted sulfur or oxygen to which the metal atoms in the ore
are initially bound are removed by a roasting, smelting or electrolytic process, while unwanted
contaminants such as silica are floated off of the molten metal as slag, with the help of a flux.
In the case of calcium and magnesium carbonates, unwanted CO 2 is driven off by heat
(calcination). Chlorine and soda ash (caustic soda) are produced by electrolysis of sodium
chloride. Ammonia is made from atmospheric nitrogen and natural gas. Most other chemicals
are produced from these feedstocks. In the case of other inorganic chemicals, a variety of
chemical processes are used, often starting by reaction with a strong acid (sulfuric,
hydrochloric or nitric) or a strong alkali like caustic soda or ammonia.

The processing of wood to remove unwanted lignin and produce paper is a process of
chemical digestion with the help of strong alkalis and acids. Many agricultural and animal
products are further refined, for instance to remove fats and oils, sugars or flavorings
(including tea and coffee). Alcoholic beverages are produced by a biological process of
fermentation, based on yeasts and natural carbohydrates. Cooking is a combination of
chemical processing (e.g. to soften and tenderize tough foods) and blending of flavors.

The foregoing process stages yield what may be called "finished materials". A few such
materials — mainly fuels, lubricants, solvents, etc. and foods and beverages — are used as
such. Fuels and foods may be said to be truly "consumed" (i.e. chemically transformed into
wastes). Others are widely dispersed and dissipated in use. These materials cannot in
principle be recycled. Examples include fuels, pigments, surface coatings, flocculants, water
softeners, detergents, anti-freeze, fuel or plastic additives, lubricants, solvents and so on.

Other materials — notably metals, plastics and some minerals — are physically formed
into more or less durable products. These are objects that may perform some function more
than once and that lose their value either through wear or obsolescence. These products do
offer some potential for recovery and recycling. The materials cycle is illustrated in Figure
2. It is logical to suppose that materials recycling will gradually become more widespread
as high quality virgin sources are exhausted or as increasingly strict environmental regulations
force processing of combustion products or waterborne waste streams to remove hazardous
substances. Nevertheless it is most likely that —for many decades to come— industrial
economies will discard significant quantities of materials in forms that are not economically
recoverable.

Fuels are, of course, sources of useful energy. Energy is conserved (the first law of
thermodynamics), but its useful component — called "exergy" — is not conserved and cannot
be recycled (the second law of thermodynamics). The other examples listed above may be
termed "labor savings", "capital savings" or "energy saving" — but non-structural — uses
of materials4. In non-structural uses the materials are physically or chemically transformed
by use, usually into low-grade dispersed forms. It is not economically feasible in principle to
recover a high percentage of the materials now used for these purposes. For example,
materials used for paints and surface coatings can never be recovered and recycled, as such.
Only a major technological change that eliminates the need for paints or coatings can
eliminate the dissipation.



R. U. Ayres	 Materials and the Environment
	

August 16, 1996	 Page 5

Further discussion can be most usefully conducted by separately considering four major
categories of materials:

• Fuels

• Metals

• Non-Fuels Minerals

• Packaging Materials and Synthetics

Fuels

In tonnage terms, fossil fuels (petroleum, coal and lignite, natural gas) are consumed in
very large amounts. Land disturbance from source mining of coal must be mentioned as a
major environmental impact. Around 6 tons of overburden are removed (albeit usually
replaced in the mine) for every ton of coal mined. Cleaning and washing of coal also creates
large piles of wastes material which can later cause problems, including mudslides and acid
run-off.

However the major environmental problems associated with fossil fuels are attributable
to the combustion process and its waste products. Most air pollution is attributable to
combustion of fossil fuels, viz.

Carbon dioxide (CO2), the major "greenhouse gas"

Carbon monoxide (CO)

Unburned or partially burned volatile hydrocarbons (HC, VOC)

Total solid particulates (TSP)

Oxides of nitrogen (NOx)

Oxides of sulfur (SOx)

Some of these effluents, notably SOx, NOx and — especially — TSP, cause respira-
tory/and other health problems in polluted areas. Unburned hydrocarbons, especially in the
presence of ultraviolet radiation can produce a mix of highly reactive, irritating and
carcinogenetic compounds called "smog". Moreover, oxides of sulfur and nitrogen combine
with atmospheric moisture and return to earth as acid rain, downwind of major power plants
(or smelters). Acidity slowly, but irreversibly, damages conifer forests and fresh water lakes.
Airborne sulfate particles from anthropogenic sources (SOx) are estimated to be comparable
in mass to natural sources (e.g. volcanos).

It is important to note that atmospheric emissions and other wastes from the combination
of natural gas and petroleum products are relatively minor compared to the wastes that are
associated with use of coal. Natural gas has little sulfur to begin with, and it is easily
removed by the Claus process and sold as elemental sulfur. In the case of petroleum, refining
automatically removes the sulfur from most distillate products and, again, much of it is
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recovered for use. The remainder concentrates it in residual fuels, tar and coke but total sulfur
removal is approaching feasibility.

The biggest difference is the ash. Gas is ash-free and even residual oil has a relatively
insignificant ash-content, but hard coals average about 10% ash (the range is from a few
percent to twenty percent or more). In conventional combustion most of this is "bottom ash",
which becomes a solid waste disposal problem because of the large amounts of coal involved.
However, some 10%) of the ash goes up the stack as "fly ash" and, even with efficient
electrostatic precipitators, a small percentage is lost to the environment as solid particulates
(TSP). Apart from the undesirable physiological effects of small particles, as such, fly ash
contains toxic metals, notably zinc, vanadium, copper, nickel, lead, chromium, manganese,
arsenic and mercury (Figure 3).

If the world's energy needs are met increasingly from coal in the future as natural gas and
petroleum become relatively scarcer, the environmental health problems associated with coal
combustion —especially fly ash emissions— will become increasingly significant.

Finally, the buildup of atmospheric carbon dioxide from massive fossil fuel combustion
appears to be capable of affecting the heat balance of the earth itself via the so-called
"greenhouse effect". While scientific uncertainties remain, evidence seems to be accumulat-
ing to support the hypothesis that CO2 buildup will result in a general climate warming,
particularly in the polar regions. This, in turn, is likely to cause increased weather variability,
more intense monsoon patterns, northward shifts in the average locations of the jet streams
and increased average precipitation in the temperate zones. The desert belt is also likely to
move north, for instance. It would also cause some sea level rise, which would be very
threatening to islands and low lying coastal areas. The resulting climatic impact might be
favorable for some sparsely populated northern countries (e.g. Canada, Siberia) but could be
quite unfavorable for the more heavily populated countries in the temperate zone.

Metals

Metals are worth considering separately because the ferrous metals and aluminum are
mainly used in structural applications (i.e. embodied in products) and consequently recovery
and re-use is often feasible. The major tonnage metals are iron (and steel), aluminum, copper,
zinc, lead and nickel. We know, with reasonable accuracy, the annual global output of metal
ores, metal content, and mine wastes (Table I). US production of ores, concentrates,
concentration waste and smelter waste are shown in Table II. An important point to
emphasize at the outset is that the two most important metals in terms of production (iron and
aluminum) are obtained from oxide ores. The compounds of these metals are comparatively
benign. Environmental problems associated with their extraction and processing are primarily
due to the large scale of operations and the need to separate the dispose of significant
quantities of economically useless or mildly hazardous materials.

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,
as indicated in Table I. In the case of iron/steel facilities, environmental controls are
primarily needed to minimize the discharge of toxic gases (mainly CO) from coke ovens and
furnaces and waterborne acidic wastes or sludges, from "pickling" sheet or strip. In the case
of aluminum, smelting, the most serious environmental problem is to prevent the escape of
fluorine from the electrolytic cells, (Fluorine originates in the breakdown of the molten
cryolite bath, not in the aluminum ore). A minor problem is the disposal of so-called "red
mud" from bauxite processing, because of its excess alkalinity.

Environmental problems associated with end use consumption and disposal of iron steel
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and aluminum are also primarily due to the wide variety of "small" uses. Scrap from
demolished structures, pipelines, worn-out rails are rolling stock, obsolete machinery, junk
cars or the like is easily aggregated and recycled via electric furnaces. It is much less easy
to recover metal economically from small containers, wire products, foil, fasteners (e.g. nails),
razor blades, mattress and springs and so forth. These tend to be mixed with other kinds of
waste (household refuse) or to be scattered over the landscape as litter. In this context,
aluminum cans and bottle caps constitute by far the most serious problem, since aluminum
is highly corrosion resistant, whereas small iron or carbons steel objects eventually rust away.

The other major tonnage metals (copper, zinc, lead, nickel) are geochemically quite
different from iron and aluminum (Table III). Technically, they are sulfur-lovers, or
"chalcophiles", meaning that they are typically found in nature as complex sulfidess rather
than oxides. The sulfides are commonly first converted to oxides by the simple process of
"roasting" the sulfur being oxidized and driven off as SO 2 or recovered for producing sulfuric
acid. Copper, zinc, lead and nickel smelters are major sources of air pollution despite recent
efforts to improve environmental controls in some countries. For example, the large copper-
nickel refineries in the Sudbury district of Ontario has emitted as much as 2.7 million tons
of sulfur oxides annually, causing severe damage to forest over 720 square miles and lesser
damage over a much larger area.

A second significant characteristic of these metals is that they are typically found together
with co-products or by-products. Major metal co-product groups are also shown in Table III.
Thus a copper, zinc, lead or nickel smelting operation will normally yield tailings slags, ashes
flue dust, or sludges that are rich in some of the others, as well as by-product metals such as
antimony, arsenic, bismuth, cadmium, selenium, tellurium, silver and gold. These may or
may not be highly desirable in themselves (as silver or gold are). Several of these metals
are not worth enough to justify highly efficient recovery methods. Thus significant quantities
of minor metals are discarded or lost in refinery operations.

A third key point is that many compounds of most important metals other than iron and
aluminum — including arsenic, cadmium, copper, zinc, lead, nickel, chromium, manganese,
cobalt, vanadium, selenium and tin, as well as mercury — are quite toxic to animals and
plants. The extreme toxicity of lead, arsenic, cadmium, and mercury is well-known. But salts
of copper, zinc, chromium, tin, bismuth and thallium are also toxic enough to have found
medical or agricultural uses as insecticides, fungicides, algicides, rodenticides and so on.

Clearly nonferrous metal extraction, processing, and use all create possibilities of
significant environmental damage. The examples of zinc, and its by-product cadmium, are
reasonably typical. Fig. 1 shows, schematically, how and where various fractions of contained
zinc (and cadmium) are lost in processing. Much of this may become accessible to biological
organisms. Environmental hazards are also associated with end-uses of some metals,
especially where the metal is toxic and the use is non-structural. In the case of cadmium, for
instance, almost all the existing uses are inherently dissipative. These include electroplating,
pigments, and stabilizers for PVC. Much the same thing can be said of mercury, whose end
uses include chlorine production, gold mining, fluorescent lights, small batteries, dentistry,
thermometers, electrical switches, pesticides and pharmaceuticals.

Use data is very scarce. But, such data as we have suggests that from half to seven
eighths of the annual consumption of each of the heavy non-ferrous metals is currently
dispersed and dissipated beyond economic recoverability. The situation in developing
countries might be slightly better due to greater incentives to conserve. But the range of uses
in all countries is much the same and for most dissipative uses, from paint to pesticides,
recovery is simply not a realistic possibility.

The fact that dissipative uses account for large amounts of these metals (and other non-
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biodegradables) can be confirmed directly. The obvious example has been the use of tetraethyl
lead as a gasoline additive to increase octane number and enhance performance. This use has
now been banned in the U.S., but still persists in many countries. Toxic heavy metals have
also been extensively used for pigments (e.g. red and white lead, cadmium red and orange,
chrome green and yellow), insecticides (e.g. lead or zinc arsenate), wood preservers,
bactericides, algicides, fungicides, herbicides, catalysts, plastic stabilizers, etc.

Taking into account extraction, processing and end-use —human activities have sharply
increased the natural rates of mobilization of many metals, particularly the more toxic ones.
Comparisons of worldwide natural and man-induced rates of mobilization in the environment
are given in Table IV.

Non-Metallic Minerals

Non-metallic minerals such as stone, gravel, clay and sand are mined in larger quantities
than metal ores, although processing losses are smaller and these materials are somewhat
more benign. They are used mostly in construction. International trade is minor. Global data
is unavailable, but US production, mine waste and use data for 1993 are shown in Table V.

Environmental impacts arise from mining itself, which is mostly on the surface.
Significant land disturbances, dust and erosion often accompanies such activity. Processing
of phosphate rock (to fertilizer) also results in significant further environmental impacts, of
several kinds, including toxic fluoride emissions to the atmosphere and accumulation of
(mildly) radioactive tailings. It is noteworthy that erosion rates for disturbed land, such as
active strip mines, is up to ten times greater than for cropland and perhaps 200 times greater
than natural grassland.

Packaging Materials and Synthetics

It is convenient to consider "materials" as substances that are used without significant
chemical conversion. Packaging materials, synthetic fibers, plastics and rubber fall into this
category. Thus we need not consider the complex environmental problems associated with
manufacturing chemical intermediates. In the interest of completeness, therefore it is
worthwhile to point out that synthetic polymers —mostly plastics and rubber — are made
largely from derivatives of petroleum. Petrochemicals already account for perhaps 5% of
world petroleum consumption, and this percentage can be expected to increase. Thus use of
synthetics is inseparable from extraction and refining of petroleum. In the future, chemicals
may also be manufactured from coal.

The three most important polymers are polyethylene, polystyrene, polyvinyl chloride
(PVC). There are, of course, a host of other resins including polyesters, phenolics, acrylics
and so on. Neglecting environmental problems associated with the paper and chemical
industries there remains a significant problem of disposal. The physical volumes involved
are equal or greater than the volume of metals produced each year. Plastics are not
biodegradable, whence they must be disposed of in landfills or by incineration. Incineration
of chlorinated plastics, in particular, is environmentally hazardous because of the emission of
toxic or carcinogenic compounds. Tires are also very difficult to incinerate efficiently. Non-
degradable litter, especially polystyrene foams and polyethylene films, is also an increasing
problem in many public places, such as beaches.

Paper remains an important material in the economy. It is, of course, made from
woodpulp by a process in which unwanted components of the wood (lignin and hemi-
celluloses) is chemically dissolved and removed. In older pulp and paper mills, this waste
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material was simply discarded into the nearest river, along with chemicals used for the
digestion process. In waterways, this material creates "biological oxygen demand" (BOD). It
removes the dissolved oxygen and kills air-breathing organisms (such as fish) that must have
oxygen to survive. In recent years pulp and paper mills in most countries have substantially
reduced their waterborne waste output, under pressure of environmental regulations. In
Europe, they have also sharply cut their use of chlorine as a bleaching chemical for paper
pulp.

Closing the Materials Cycle

The notion of a "materials cycle" is actually based on an analogy with natural bio-geo-
chemical cycles involving water, carbon and nitrogen. However the latter are true cycles,
whereas the so-called "materials cycle" is incomplete except in the very crude sense that
materials are extracted from the environment, processed, used, and finally disposed of as
waste. It is important to bear in mind that materials are normally returned to the environment
in a degraded form very different from (and less useful than) that which was extracted.

The idea of "recycling" low grade wastes is intellectually appealing. If the waste stream
is easily recovered and processed compared to natural sources it will generally be exploited
—and conversely. Not surprisingly, the more economically valuable a material is, the more
likely it is to be recycled. Thus, it pays to go to considerable lengths to recover platinum
from industrial catalysts or silver from film processing wastes. But, to date, it is cheaper to
extract aluminum from bauxite ore than to extract it from fly ash. Similarly, it is cheaper to
mine virgin gypsum than to recover it from phosphate rock processing or flue gas
desulfurization. And it is cheaper to extract sulfur from natural deposits via the Frasch process
than to recover it from combustion products.

To be sure, "Malthusian" concerns that the world is running out of natural resources have
been expressed repeatedly, over the last two centuries and have consistently proved to be
premature. Market incentives have sufficed to stimulate effective technological responses to
every threat of shortage, up to now. However, high quality deposits of natural resources are
finite. The same is true of the assimilative capacity of the environment. Raw materials, once
extracted, eventually become process wastes or consumption wastes. The environment cannot
indefinitely tolerate these emission, especially those (such as metals) which are not
biodegradable. Waste residuals and environmental assimilative capacity are not a part of the
market system (they are unpriced) and market incentives have not been applicable in the past
to stimulate technological substitutes for environmental services, or "technological fixes" for
environmental damages. Clearly, extraction of fossil fuels and metal ores will eventually slow
down and finally cease, at some future time.

The long term imperative is to focus on "closing the product cycle". This implies creating
a system to facilitate the return, reconditioning, and remanufacturing of durable manufactured
goods so as to maximize the useful life of each component and subsystem. From the
standpoint of environment and employment, too, it is worth pointing out that reconditioning
and remanufacturing require roughly half of the energy input, and twice the labor input per
physical unit of output, as compared to manufacturing from all-new materials [Stahel 1982,
1986].

It must be acknowledged that the industrial materials cycle cannot ever (and need not)
be completely closed, even at the global level. Some losses are inevitable. Secondary
production from new and old scrap in the US and recycling rates as a percentage of apparent
consumption are summarized for the US in Table VI. The fraction of metal obtained each year
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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 ban on using lead in
gasoline, a dissipative use) but has fluctuated or remained roughly constant in the other cases.

Certainly, there is no realistic possibility of approaching the long-term goal of closing the
materials cycle within the next few decades. Indeed, aggregate global use of extractive
resources will undoubtedly increase for a number of years to come. Nevertheless long-term
imperatives cast their shadow. Choices will have to be made and distinctions are necessary.
For instance, some materials are much more toxic or otherwise environmentally damaging,
than others.

On a scale of global hazard to economic benefit, the highest (most damaging, least
beneficial) materials must be eliminated from commerce first. Similarly, some environmental
systems are much more resilient than others. The more fragile ecosystems must be given
greater priority for protection, given limited resources. Similarly, some industrial activities and
some forms of intermediate consumption are much more dangerous than others. These points
are discussed next.

Closing the materials cycle is particularly important for the toxic heavy non-ferrous
metals, such as arsenic, bismuth, cadmium, chromium, copper, lead, mercury, plutonium,
silver, thallium, uranium and zinc. Of these, the artificial element plutonium is by far the most
dangerous. It is carcinogenic and toxic to an extreme degree, as well as being fissionable and
hence usable for nuclear explosives. Many people now believe that the various risks
associated with use of plutonium (or even uranium, from which plutonium is manufactured)
are too great to justify its use in nuclear power production. In any case, the closing of the
global uranium-plutonium cycle is extremely urgent. However, this subject cannot be
realistically discussed without also discussing the entire question of nuclear armaments and
their disposition.

Following uranium-plutonium on the list in terms of urgency would be lead, mercury and
those toxic metals (arsenic, bismuth, cadmium, thallium) that are by-products of copper, lead
or zinc mining and refining, and which are widely used in chemical products such as
pesticides, pigments and stabilizers, mainly because there is a steady low-cost supply and no
constraint on such use. Finally, copper, chromium, manganese, nickel, silver, tin and zinc
constitute lesser but significant problems worthy of consideration.

One of the problems is that these metals are being dispersed into the environment at very
low concentrations that make later recovery for recycling impracticable in most cases, but that
nevertheless constitute a threat to the health of humans and other species. With regard to
metallic emissions, it should be pointed out that anthropogenic airborne emissions currently
exceed natural sources by large factors, even on a global basis (Table IV). A similar table for
waterborne emissions would show comparable results.

However, if the problem of toxic buildup were not enough, there are other unsustainable
features of the present materials system. One is the fact that the industrial world is
increasingly import-dependent for critical materials, since economically recoverable deposits
in the DC's are being depleted faster than in the rest-of-the-world. Another problem is that
ore grades are gradually declining, worldwide, as high grade deposits are exhausted. This
means that more and more tons of inert materials must be physically moved, crushed,
screened and later dumped, to yield a concentrated fraction.

The concentrates must then be smelted or otherwise refined to produce a ton of salable
product. Moving and handling requires energy, so that ceteris paribus, energy requirements
for primary production would be expected to rise over time. Technological progress may
compensate, even indefinitely, for declining ore quality, but the cost of further marginal gains
in the efficiency of materials handling is likely to rise too.
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Policy Issues

It is not as generally acknowledged is it should be that the environment is a resource.
The fact that it has been available in the past for use as a "sink" for disposal of industrial and
consumption wastes at zero (or very low cost is a consequence of its indivisibility and the fact
that it cannot be contained and privately owned or exchanged in a market place. It is, in
short, a "public good", outside the market pricing mechanism. It is an axiom of economics
that (in the absence of cultural restraints) the use of unpriced public goods will be excessive
unless regulated by public policy. This is the nub of the problem.

Environmental services to man can be said to include the biosphere —photosynthesis, the
water cycle, the carbon and nitrogen cycles, biodegradation (decay) of organic materials,
—the maintenance of oxygen in the atmosphere 6, the ozone layer in the stratosphere, and a
host of local "public service" function. There is no question that these environmental
functions (and others) are interfered with by large-scale mobilization of toxic materials,
erosion, silting, buildup of CO2 and particulates in the atmosphere, and so on. Unfortunately,
much remains to be learned about the specific mechanisms involved and their quantitative
impact. Research is therefore the first prerequisite of intelligent environmental policy.

In the absence of the scientific knowledge that would permit us to discriminate between
minor and major problems (e.g. between reversible and irreversible disturbances) the safest
strategy is to limit the mobilization of materials by human activities to levels significantly
below the levels found in natural processes. By this criterion, the processing and disposal of
heavy toxic metals into surface waters is already excessive. Similarly, combustion and other
processes are injecting certain materials into the atmosphere at rates comparable with or
greater than natural processes.

Policy instruments for abating these undesirable flows include emissions regulations
applicable to particular "sources" (e.g. mines or smelters) or on the use of particular
substances (e.g. phosphates in detergents, chlorofluorocarbon propellants). More broadly,
however, policies tending to promote conservation of scarce resources will also tend too
reduce environmental problems.

It is important to note that many relevant existing policy instruments have had the
opposite effect of encouraging excessive use of materials, especially virgin materials. The
mineral depletion allowance (recently reduced, but still in effect) and freight rates favoring
transportation of mine products as compared to recycling scrap, are two examples. Similarly
regulations tending to increase energy use efficiency without increasing costs (e.g. for
gasoline) also tend to encourage excessive use of energy — and its associated environmental
problems. This is often termed the "rebound effect".

Severance taxes on mineral extraction, on the other hand, would tend to simultaneously
discourage use of virgin resources and encourage conservation and recycling. Similarly,
effluent taxes or "fees" would tend to discourage the discharges of recoverable wastes into
surface waters or atmosphere. This market-based approach is generally preferred by
economists over the more comment regulatory approach ("standard-setting") because it allows
greater discretion to the waste generator. It is frequently opposed by environmentalists,
however, on the ground that imposition of effluent charges would not "guarantee" meeting
desired environmental standards. If a given fee does not yield the desired result, of course,
the answer would be for the public authority to raise the effluent charge until it is effective.
In the long run, the price of virgin materials will rise as the high quality reserves are
exhausted. This will also induce conservationist behavior, though not necessarily optimum
recovery of toxic by-products. A combination of approaches will certainly be needed.
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Endnotes

1. Tjalling Koopmans expressed this principle as " the impossibility of the land of Cockaigne", and made use
of the theorem in developing his mathematical treatment of "activity analysis", an extension of Input-Output
analysis [Koopmans 1951]. However, Koopmans did not discuss the environmental implications.

2. The case of batch processes or continuous processes with time variability, requires more careful
consideration. In general, however, the accounting rule holds: stock changes equal inputs minus outputs.
When stock changes are zero, or can be neglected, inputs equal outputs.

3. These conditions can be very helpful in filling in missing data. For instance, chemical engineering textbooks
[e.g. Lowenheim & Moran 1975], tend to provide "recipes" for standard chemical processes that specify
inputs (per unit output) in some detail, but neglect to specify waste products. While a detailed chemical
characterization of the wastes requires very complex model calculations (or direct measurements), one can
derive some useful information about the elementary composition of the wastes.

4. For example, lubricants cut down on friction enabling a machine to function with less energy input and to
last longer; detergents save scrubbing, etc. [See Ayres 1978]

5. Nickel is mines in both forms. The large Canadian deposits, for instance, are sulfides. However, the so-
called lateritic ores found in tropical countries are oxidized

6. The atmosphere of the Earth prior to the evolutionary development of the blue-green algae did not contain
free oxygen.
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Table I: World production of metal ores 1993 (MMT)

Gross weight
of ore
MMT

Metal Net weight Mine & mill
content	 of metal	 waste

MMT	 MMT

Aluminum
Chromium
Copper
Gold
Iron
Lead
Manganes
Nickel
Platinum group
Uranium (1978)
Zinc

a
b

a

a
b
c
a

>

106
10

2 500
. 466

989
> 45

22
> 130
. 50

1 900
> 219

19
30

0.4
0.0005

52
6.5

33
0.7
0.0005
0.002
3.2

19.8
3.0
9.4

.002
517.0

2.9
7.2

.9

.0002

.04
6.9

>

86
7

2 490
..., 466

472
> 42

15
> 129
. 50

1 900
> 212

Data source: Minerals Yearbook 1993
a. Extrapolated from US data on ore treated and sold vs market-

able product for 1993, using same implied ore grade.
b. Based on ore grades mentioned in text for mines in South

Africa only.
c. Based on [Barney 1980]. No current data available.
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Table II: Production & waste allocation for primary U.S. metal production 1988 & 1993 (1000 metric tons)

US domestic mine production US domestic concentrate production US primary metal production (domestic & foreign ores)

Total material handled Ore treated or sold Overburden Production (metal production (gross weight) Concentration wastes Concentrate Primary production total Smelting
content) (d) consumption (gross

weight)(d)
'refining losses

A B A-B C B-C D E D-E

1988	 1993 1988	 1993 1988	 1993 1988	 1993 1988	 1993 1988	 1993 1988	 1993 1988	 1993 1988	 1993

Bauxite/ 8246	 5610 e,g 1107	 753 e,g 7140	 4857
Aluminum 9139	 11917 f 4575	 3695 4564	 8222 7730	 7242 3944	 3695 3786	 3547
Copper 523446	 706997 218631	 436083 304814	 270914 1341	 1801 5364	 7206 213267	 428877 5794	 7023 1406	 1704 4388	 5319
Gold 536146	 1027281 117934	 254404 418212	 772877 0.201	 0.331 0.201	 0.331 117934	 254404 392	 305 0.138	 0.243 392	 305
Lead 9707	 4344 6450	 4202 3257	 142 385	 355 481	 444 5969	 3758 490	 381 392	 305 98	 76
Molybdenum 127006	 115667 b,g 72212	 65765 g 54794	 49902 43	 39 172	 157 72040	 65608 103	 91 26	 23 77	 68
Platinum group 34189	 57097 11396	 19032 c 22793	 38064 0.005	 0.008 0.005	 0.008 11396	 19032 0.0003	 0.0002 0.0003	 0.0002 0	 0
Silver 48444	 47977 c,g 15876	 15723 g 32568	 32254 1.661	 1.645 1.661	 1.645 15874	 15721 2	 2 1.718	 1.712 0	 0
Zinc 21149	 6298	 h 9106	 5606 h 12043	 692 244	 488 432	 869 8674	 4737 429	 428 241	 240 188	 187
Uranium oxide(a) 22000	 22000 15200	 15200 6800	 6800 20	 20 15180	 15180 20	 20 5	 5 15	 15

NF Total 1330333 1993270 467912	 816768 862420	 1176502 11046	 12392 464898	 815540 14960	 15491 6016	 5974 8944	 9517
Iron 300278	 284068 197766	 102271 102512	 181797 57515	 55661 140251	 46610 83694	 76793 49242	 52321 34452	 24472

TOTAL 1630611 2277338 665678	 919039 964932	 1358299 68561	 68053 605149	 862150 98654	 92284 55258	 58295 43396	 33989

NOTES: (a) 1980 data
(b) Assumes 3:1 ratio material handled to ore - as with gold/silver
(c) Zinc data from page 1159 has been subtracted from "other" on page 59 of Minerals Yearbook 1989 to construct approximate platinum data.
(d) Where direct figures for gross weight of concentrate were unavailable, they were calculated by applying reasonable concentration ratios to the metal content.
(e) Bauxite at US Mines. Included in total of "ore treated".
(f) Crude bauxite ore, dry equivalent. Includes net imports. Not included in "ore treated" total.
(g) 1993 estimate derived from 1988 data by applying 1988 ratio of material handled to ore treated to 1993 data.
(h) zinc data from detail "other" to avoid double counting.

Source: Calculated from data in U.S. Bureau of Mines, Minerals Yearbooks, 1988,1989, 1993.
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Table III: By-product and co-product groups

By-product groups

Copper Zinc Lead Platinum

antimony antimony antimony iridium
arsenic cadmium bismuth osmium
cobalt gallium palladium
gold germanium rhodium
rhenium
selenium

indium
selenium

ruthenium

silver silver silver
tellurium thallium tellurium

Niobium Zirconium Nickel Lithium
tantalum hafnium cobalt

manganese
rubidium

Co-product groups

Brine	 Rare Earths

sodium	 yttrium
potassium	 europium
boron	 erbium
magnesium	 terbium
chlorine	 dysprosium
bromine	 ytterbium
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Table IV: Indicators of unsustainability (ratios)
A nthropogenic flow	 Cumulative

to natural flow	 extraction to
Galloway Azar et topsoil inventory

Metal	 et al 1982 al 1994
	

Azar et al 1994

Antimony (Sb)

Arsenic (As)
Cadmium (Cd)
Chromium (Cr)
Copper (Cu)
Lead (Pb)
Mercury (Hg)
Nickel (Ni)
Selenium (Se)
Vanadium (V)
Zinc (Z)

38 6.0

4 0.33
20 3.9 3.0

2 4.6 2.6
14 24.0 23.0

333 12.0 19.0
6.5 17.0

4 4.8 2.0
5 2.0
3 0.32

23 8.3 6.9



R. U. Ayres	 Materials and the Environment
	 August 16, 1996	 Page 18

Table V: Production & waste allocation for U.S. industrial mineral production from domestic & foreign ores, 1988 & 1993 (1000 metric tons)

Total material handled

A.
1988	 1993

Ore treated or sold

B.
1988	 1993

Domestic
production

C.
1988	 1993

Exports

D.
1988	 1993

Imports

E.
1988	 1993

Apparent
consumption

C-D+E
1988	 1993

Overburden loss

A-B
1988	 1993

Concentration
losses
B-C

1988	 1993

Asbestos 89 b' 70 57 b' 45 17 13 32 28 85	 31 71	 17 32	 25 40	 32

Barite 404 1299i 404 773 404 315 0 18 1207	 834 1611	 1131 0	 526 0	 458

Clays 91900 70653 f 44617 41074 m 44515 41074 3535 4154 33 39430 41013	 76350 47283	 29579 102	 0
Diatomite 3429 3267 g 695 662 a 629 599 147 165 287	 2 769	 436 2734	 2605 66	 63

Feldspar 2782 i' 3328 i,f 649 3328 649 770 12 18 6	 7 643	 759 2133	 0 0	 2558

Gypsum (crude) 20747 k' 22564 14869 m 15812 m 14869 15812 246 344 8782	 7587 23405	 23055 5878	 6752 0	 0

Magnesium compounds 3770 b' 2169 i 2221 b' 1627 952 698 37 117 376	 495 1292	 1076 1549	 542 1269	 929
Mica (scrap) 130 560 e 130 388 a 130 88 6 6 12	 22 136	 104 0	 172 0	 300

Perlite 704 i' 872 h 621 604 b 585 569 33 26 62	 70 614	 613 83	 269 36	 35

Phosphate rock 596733i' 280586 i 224075 d' 175225 b 45389 35494 8092 4831 673	 632 37970	 31295 372659 105361 178686 139731

Potash & potassium salts 11884 i' 31636 i 11884 31636 a,c 2999 3067 579 925 6964	 7204 9384	 9346 0	 0 8885	 28569

Pumice 460 k' 537 374 469 353 469 1 18 30	 143 382	 594 86	 68 21	 0

Salt 34470 m 38665 m 34470 m 38665 m 34470 38665 802 688 4966	 5868 38634	 43845 0	 0 0	 0

Sand&gravel total 863640 8949201 863640 894920 c 863531 894920 1837 2882 357	 1360 862051	 893398 0	 0 109	 0

Sodium compounds, total 18766 g' 19172 d 9099 c' 9296 c 9099 9296 2315 2887 257	 252 7041	 6661 9667	 9876 0	 0

Stone, crushed 1222296 g',f 1205037 1134848 a',b' 1118824 1131985 1116000 3304 4824 3268	 8400 1131949 1119576 87448	 86213 2863	 2824

Stone, dimension 1623 g',f 1853 i,j 1079 a',b' 1232 c 1079 1232 510 e 270 e 830	 310 1399	 1272 544	 621 0	 0

Vermiculite 1769 P 190 1769 m 190 m 275 187 18 7 32	 30 289	 210 0	 0 1494	 3

Calculated-subtotal 2875597 2577379 2345501 2334770 2151931 2159268 21506 22209 28228 x2678 — — — — — — —336093— 342609193571f9N5-71 173-503

other,' 141237 309325 1 103529 c',I 103725 c,1 93842 96380 37709 205600 9687	 7345

Source: [U.S. Bureau of Mines, Minerals Yearbooks, 1988, 1989, 1993]
a,a' 1988 ratio of ore to marketable product used to derive 1993 estimate or vice versa.
b,b' Ratio of 1993 production to 1988 production applied to 1993 data to derive 1993 estimate or vice versa.
c, c' Marketable product for that year assumed equal to production for that year.
d	 Includes surface mining only.
e	 estimated.
f,f 1988 ratio of crude ore to waste applied to derive 1993 ratio and vice versa.
g,g' ratio of 1993 to 1988 ore treated applied to 1988 data to derive 1988 estimate or vice versa.
h	 surface to underground ratio applied to data in same year to derive estimate.

i' crude ore assumed equal to re treated or sold for that year.
j	 ratio for surface data assumed equal to same ratio for underground data in that year.
k,k' 1988 crude ore to waste ratio applied to derive 1993 estimate or vice versa.
I	 Overall average ratio of crude or to waste for that year applied to derive addition to specific data.
m	 Maximum calculation. Crude ore = max(crude ore, treated ore, marketable product, production)

Treated ore = max treated ore, marketable product, production)
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Table VI: U.S. recycling statistics & apparent consumption for selected metals,
1987-1991

Quantity (IcMT)

Recycled metal'
Apparent

consumption

Recycle % of
apparent

consumptionYear New scrape Old scrap3	Total
ALUMINUM5

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 6214 40%

COPPER
1987 716.122 497.937 1214.059 2912.929 42%
1988 788.712 518.179 1306.891 3002.257 44%
1989 760.894 547.561 1308.455 2945.209 44%
1990 773.873 535.656 1309.529 2942.311 45%
1991 679.882 533.338 1213.220 2782.942 44%

LEAD
1987 52.535 657.532 710.067 1259.029 56%
1988 45.274 691.127 736.401 1274.477 58%
1989 49.612 841.729 891.341 1382.250 64%
1990 48.104 874.093 922.197 1345.344 69%
1991 54.172 829.563 883.735 1280.586 69%

NICKEL6
1987 32.331 155.781 21%
1988 41.039 159.019 26%
1989 39.784 135.218 29%
1990 33.716 145.556 23%
1991 32.520 128.048 25%

TIN
1987 4.604 11.462 16.066 59.458 27%
1988 3.925 11.350 15.275 60.955 25%
1989 2.795 11.545 14.34 47.285 30%
1990 4.035 13.200 17.235 53.430 32%

ZINC
1987 270 82 352 1324 27%
1988 240 97 337 1340 25%
1989 230 117 347 1311 26%
1990 232 109 341 1239 28%
1991 233 120 353 1134 31%
Source: [USBuMines 1991,"Recycling-Nonferrous Metals", Tables 1 &
1.Recycled metal is metal recovered from reported purchased new plus old scrap supply.
2.New scrap is scrap resulting from the manufacturing process, including metal & alloy production.
3.Old scrap is scrap resulting from consumer products.
4.Apparent consumption is production plus net imports plus stock change. Apparent consumption is calculated on a contained weight basis.
5.Recycle quantity is the calculated metallic recovery from aluminum-base scrap, estimated for full industry coverage.
6.Nickel scrap is nickel contained in ferrous & non-ferrous scrap receipts.
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Figure I. Zinc flow in mining & processing of zinc ores in the USA, 1988
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Figure 3. Trace elements in coal

Source: [Bolch 1980]
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