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18 INDUSTRIAL ECOLOGY, 
RESOURCES, AND ENERGY____________________________________________________

18.1. INTRODUCTION

Modern civilization depends upon a wide variety of resources consisting largely of
minerals that are processed to recover the materials needed for industrial activities.
The most common type of mineral material so used, and one that all people depend
upon for their existence, is soil, used to grow plants for food. Also of crucial
importance are metal ores. Some of these metal sources are common and abundant,
such as iron ore; others, such as sources of chromium, are rare and will not last long
at current rates of consumption. There are also some crucial sources of nonmetals.
Sulfur, for example, is abundant and extracted in large quantities as a by-product of
sulfur-rich fuels. Phosphorus, a key fertilizer element, will last only for several
generations at current rates of consumption.

The materials needed for modern societies can be provided from either extractive
(nonrenewable) or renewable sources. Extractive industries remove irreplaceable
mineral resources from the earth’s crust. The utilization of mineral resources is
strongly tied with technology, energy, and the environment. Perturbations in one
usually cause perturbations in the others. For example, reductions in automotive
exhaust pollutant levels to reduce air pollution have made use of catalytic devices that
require platinum-group metals, a valuable and irreplaceable natural resource.
Furthermore, automotive pollution control devices result in greater gasoline
consumption than would be the case if exhaust emissions were not a consideration (a
particularly pronounced effect in the earlier years of emissions control). The
availability of many metals depends upon the quantity of energy used and the amount
of environmental damage tolerated in the extraction of low-grade ores. Many other
such examples could be cited. Because of these intimate interrelationships, technology,
resources, and energy must all be considered together. The practice of industrial
ecology has a significant potential to improve environmental quality with reduced
consumption of nonrenewable resources and energy.

In discussing nonrenewable sources of minerals and energy, it is useful to define
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two terms related to available quantities. The first of these is resources, defined as
quantities that are estimated to be ultimately available. The second term is reserves,
which refers to well-identified resources that can be profitably utilized with existing
technology.

18.2. MINERALS IN THE GEOSPHERE

There are numerous kinds of mineral deposits that are used in various ways.
These are, for the most part, sources of metals which occur in batholiths  composed
of masses of igneous rock that have been extruded in a solid or molten state into the
surrounding rock strata. In addition to deposits formed directly from solidifying
magma, associated deposits are produced by water interacting with magma. Hot
aqueous solutions associated with magma can form rich hydrothermal deposits of
minerals. Several important metals, including lead, zinc, and copper, are often
associated with hydrothermal deposits.

Some useful mineral deposits are formed as sedimentary deposits along with the
formation of sedimentary rocks. Evaporites are produced when seawater is
evaporated. Common mineral evaporites are halite (NaCl), sodium carbonates,
potassium chloride, gypsum (CaSO4•2H2O), and magnesium salts. Many significant
iron deposits consisting of hematite (Fe2O3) and magnetite (Fe3O4) were formed as
sedimentary bands when earth’s atmosphere was changed from reducing to oxidizing
as photosynthetic organisms produced oxygen, precipitating the oxides from the
oxidation of soluble Fe2+ ion. 

Deposition of suspended rock solids by flowing water can cause segregation of
the rocks according to differences in size and density. This can result in the formation
of useful placer deposits that are enriched in desired minerals. Gravel, sand, and some
other minerals, such as gold, often occur in placer deposits.

Some mineral deposits are formed by the enrichment of desired constituents
when other fractions are weathered or leached away. The most common example of
such a deposit is bauxite, Al2O3, remaining after silicates and other more soluble
constituents have been dissolved by the weathering action of water under the severe
conditions of hot tropical climates with very high levels of rainfall. This kind of
material is called a laterite.         

Evaluation of Mineral Resources

In order to make its extraction worthwhile, a mineral must be enriched at a
particular location in earth’s crust relative to the average crustal abundance. Normally
applied to metals, such an enriched deposit is called an ore. The value of an ore is
expressed in terms of a concentration factor:

Concentration factor =  Concentration of material in ore (18.2.1)
Average crustal concentration

Obviously, higher concentration factors are always desirable. Required concentration
factors decrease with average crustal concentrations and with the value of the
commodity extracted. A concentration factor of 4 might be adequate for iron, which
makes up a relatively high percentage of earth’s crust. Concentration factors must be

© 2000 CRC Press LLC



several hundred or even several thousand for less expensive metals that are not
present at very high percentages in earth’s crust. However, for an extremely valuable
metal, such as platinum, a relatively low concentration factor is acceptable because of
the high financial return obtained from extracting the metal.

Acceptable concentration factors are a sensitive function of the price of a metal.
Shifts in price can cause significant changes in which deposits are mined. If the price
of a metal increases by, for example, 50%, and the increase appears to be long term,
it becomes profitable to mine deposits that had not been mined previously. The
opposite can happen, as is often the case when substitute materials are found or newly
discovered, richer sources go into production.

In addition to large variations in the concentration factors of various ores, there
are extremes in the geographic distribution of mineral resources. The United States is
perhaps about average for all nations in terms of its mineral resources, possessing
significant resources of copper, lead, iron, gold, and molybdenum, but virtually with-
out resources of some important strategic metals, including chromium, tin, and
platinum-group metals. For its size and population, South Africa is particularly blessed
with some important metal mineral resources.  

18.3. EXTRACTION AND MINING

Minerals are usually extracted from Eearth’s crust by various kinds of mining
procedures, but other techniques may be employed as well. The raw materials so
obtained include inorganic compounds such as phosphate rock, sources of metal such
as lead sulfide ore, clay used for firebrick, and structural materials, such as sand and
gravel. 

Surface mining, which can consist of digging large holes in the ground, or strip
mining, is used to extract minerals that occur near the surface. A common example of
surface mining is quarrying of rock. Vast areas have been dug up to extract coal.
Because of past mining practices, surface mining got a well-deserved bad name. With
modern reclamation practices, however, topsoil is first removed and stored. After the
mining is complete, the topsoil is spread on top of overburden that has been replaced
such that the soil surface has gentle slopes and proper drainage. Topsoil spread over
the top of the replaced spoil, often carefully terraced to prevent erosion, is seeded
with indigenous grass and other plants, fertilized, and watered, if necessary, to provide
vegetation. The end result of carefully done mine reclamation projects is a well-
vegetated area suitable for wildlife habitat, recreation, forestry, grazing, and other
beneficial purposes. 

Extraction of minerals from placer deposits formed by deposition from water has
obvious environmental implications. Mining of placer deposits can be accomplished by
dredging from a boom-equipped barge. Another means that can be used is hydraulic
mining with large streams of water. One interesting approach for more coherent
deposits is to cut the ore with intense water jets, then suck up the resulting small
particles with a pumping system. These techniques have a high potential to pollute
water and disrupt waterways.

For many minerals, underground mining is the only practical means of extraction.
An underground mine can be very complex and sophisticated. The structure of the
mine depends upon the nature of the deposit. It is of course necessary to have a shaft
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that reaches to the ore deposit. Horizontal tunnels extend out into the deposit, and
provision must be made for sumps to remove water and for ventilation. Factors that
must be considered in designing an underground mine include the depth, shape, and
orientation of the ore body, as well as the nature and strength of the rock in and
around it; thickness of overburden; and depth below the surface.

Usually, significant amounts of processing are required before a mined product is
used or even moved from the mine site. Such processing, and the by-products of it,
can have significant environmental effects. Even rock to be used for aggregate and
for road construction must be crushed and sized, a process that has the potential to
emit air-polluting dust particles into the atmosphere. Crushing is also a necessary first
step for further processing of ore. Some minerals occur to an extent of a few percent
or even less in the rock taken from the mine and must be concentrated on site so that
the residue does not have to be hauled far. For metals mining, these processes—as
well as roasting, extraction—and similar operations, are covered under the category
of extractive metallurgy .

One of the more environmentally troublesome by-products of mineral refining
consists of waste tailings. By the nature of the mineral processing operations
employed, tailings are usually finely divided and, as a result, subject to chemical
weathering processes. Heavy metals associated with metal ores can be leached from
tailings, producing water runoff contaminated with cadmium, lead, and other pollut-
ants. Adding to the problem are some of the processes used to refine ore. Large
quantities of cyanide solution are used in some processes to extract low levels of gold
from ore, posing obvious toxicological hazards.

Environmental problems resulting from exploitation of extractive resources—
including disturbance of land, air pollution from dust and smelter emissions, and water
pollution from disrupted aquifers are aggravated by the fact that the general trend in
mining involves utilization of less rich ore. This is illustrated in Figure 18.1, showing
the average percentage of copper in copper ore mined since 1900. The average
percentage of copper in ore mined in 1900 was about 4%, but by 1982 it was about
0.6% in domestic ore, and 1.4% in richer foreign ore. Ore as low as
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Figure 18.1.  Average percentage of copper in ore that has been mined. 
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coupled with the necessity to utilize lower grade ore, has a vicious multiplying effect
upon the amount of ore that must be mined and processed and accompanying
environmental consequences.

The proper practice of industrial ecology can be used to significantly reduce the
effects of mining and mining by-products. One way in which this can be done is to
entirely eliminate the need for mining, utilizing alternate sources of materials. An
example of such utilization, widely hypothesized but not yet put into practice to a
large extent, is the extraction of aluminum from coal ash. This would have the double
advantage of reducing amounts of waste ash and reducing the need to mine scarce
aluminum ore.

18.4. METALS

The majority of elements are metals, most of which are of crucial importance as
resources. The availability and annual usage of metals vary widely with the kind of
metal. Some metals are abundant and widely used in structural applications; iron and
aluminum are prime examples. Other metals, especially those of the platinum group
(platinum, palladium, iridium, rhodium) are very precious and their use is confined to
applications such as catalysts, filaments, or electrodes for which only small quantities
are required. Some metals are considered to be “crucial” because of their applications
for which no substitutes are available and shortages or uneven distribution in supply
that occur. Such a metal is chromium, used to manufacture stainless steel (especially
for parts exposed to high temperatures and corrosive gases), jet aircraft, automobiles,
hospital equipment, and mining equipment. The platinum-group metals are used as
catalysts in the chemical industry, in petroleum refining, and in automobile exhaust
antipollution devices.

Metals exhibit a wide variety of properties and uses. They come from a number
of different compounds; in some cases two or more compounds are significant min-
eral sources of the same metal. Usually these compounds are oxides or sulfides. How-
ever, other kinds of compounds and, in the cases of gold and platinum-group metals,
the elemental (native) metals themselves serve as metal ore. Table 18.1 lists the
important metals, their properties, major uses, and sources.

18.5. METAL RESOURCES AND INDUSTRIAL ECOLOGY

Considerations of industrial ecology are very important in extending and
efficiently utilizing metal resources.1 More than any other kind of resource, metals
lend themselves to recycling and to the practice of industrial ecology. This section
briefly addresses the industrial ecology of metals.

Aluminum

Aluminum metal has a remarkably wide range of uses resulting from its
properties of low density, high strength, ready workability,  corrosion resistance, and
high electrical conductivity. Unlike some metals, such as toxic cadmium or lead, the
use and disposal of aluminum presents no environmental problems. Further-ore, it is
one of the most readily recycled of all metals.
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and processing of aluminum ore. It occurs as a mineral called bauxite, which contains
40–60% alumina, Al2O3, associated with water molecules. Hydrated alumina is
concentrated in bauxite, particularly in high-rainfall regions of the tropics, by the
weathering away of more water-soluble constituents of soil (see laterites in Section
18.2). Bauxite ore is commonly strip mined from thin seams, so its mining causes
significant disturbance to the geosphere. The commonly used Bayer process for
aluminum refining dissolves alumina, shown below as the hydroxide Al(OH)3, from
bauxite at high temperatures with sodium hydroxide as sodium aluminate,

  Al(OH)3  +  NaOH  →  NaAlO2  +  2H2O (18.5.1)

leaving behind large quantities of caustic “red mud.” This residue, which is rich in
oxides of iron, silicon, and titanium, has virtually no uses and a high potential to
produce pollution. Aluminum hydroxide is then precipitated in the pure form at lower
temperatures and calcined at about 1200˚C to produce pure anhydrous Al2O3. The
anhydrous alumina is then electrolyzed in molten cyrolite, Na3AlF6, at carbon
electrodes to produce aluminum metal.

All aspects of aluminum production from bauxite are energy intensive. Large
amounts of heat energy are required to heat the bauxite treated with caustic to extract
sodium aluminate, and heat is required to calcine the hydrated alumina before it can be
electrolyzed. Very large amounts of electrical energy are required to reduce aluminum
to the metal in the electrolytic process for aluminum production.

An interesting possibility that could avoid many of the environmental problems
associated with aluminum production is the use of coal fly ash as a source of the
metal. Fly ash is produced in large quantities as a by-product of electricity generation,
so it is essentially a free resource. As a raw material, coal fly ash is very attractive
because it is anhydrous, thus avoiding the expense of removing water; it is finely
divided, and it is homogeneous. Aluminum, along with iron, manganese, and titanium,
can be extracted from coal fly ash with acid. If aluminum is extracted as the chloride
salt, AlCl3, it can be electrolyzed as the chloride by the ALCOA process. Although
this process has not yet been proven to be competitive with the Bayer process, it may
become so in the future.

Gallium is a metal that commonly occurs with aluminum ore and may be
produced as a byproduct of aluminum manufacture. Gallium combined with arsenic
or with indium and arsenic is useful in semiconducter applications, including
integrated circuits, photoelectric devices, and lasers. Although important, these
applications require only miniscule amounts of gallium compared to major metals.

Chromium

Chromium is of crucial importance because of its use in stainless steel and
superalloys. These materials are vitally important to industrialized societies because of
their applications in jet engines, nuclear power plants, chemical-resistant valves, and
other applications in which a material that resists heat and chemical attack is required. 

As noted in Table 18.1, supplies of chromium are poorly distributed around the
earth. It is important that chromium be handled according to good practices of
industrial ecology. Several measures may be taken in this respect. Chromium is

© 2000 CRC Press LLC

The environmental problems associated with aluminum result from the mining



almost impossible to recover from chrome-plated objects, and this use should be
eliminated insofar as possible, as has been done with much of the decorative chrome-
plated adornments formerly put on automobiles. Chromium(VI) (chromate) is a toxic
form of the metal and its uses should be eliminated wherever possible. The use of
chromium in leather tanning and miscellaneous chemical applications should be
curtailed. One important use of chromium is in the preparation of treated CCA
lumber, which resists fungal decay and termites. The widespread use of this lumber
has greatly extended the lives of wood products, which is in keeping with the practice
of industrial ecology. However, its use of toxic arsenic, scarce copper, and even more
scarce chromium are negatives, and alternative means of preserving lumber still need
to be found.  

Copper

Copper is a low-toxicity, corrosion-resistant metal widely used because of its
workability (ductility and malleability), electrical conductivity, and ability to conduct
heat. In addition to its use in electrical wire, where in some applications it is now
challenged by aluminum, copper is also used in tubing, copper pipe, shims, gaskets,
and other applications.

There are at least two major environmental problems associated with the
extraction and refining of copper. The first of these is the dilute form in which copper
ore now occurs (see Figure 6.1), such that in the U.S. 150–175 tons of inert material
(not counting overburden removed in strip mining) must be processed and discarded
to produce a ton of copper metal. The second problem is the occurrence of copper as
the sulfide so that in the production of copper, large amounts of sulfur must be
recovered as a by-product or, unfortunately in some less developed countries, released
into the atmosphere as pollutant SO2.

An advantage to copper for recycling is that it is used primarily as the metal,
which represents “stored energy” in that it does not require energy for reduction to
the metal. Recycling rates of scrap copper appear low in part because so much of the
inventory of copper metal is tied up in long-lasting electrical wire, in structures, and
other places where the lifetime of the metal is long. (This is in contrast to lead, where
the main source of recycled metal is storage batteries, which last only 2–4 years.) An
impediment to copper recycling is the difficulty of recovering copper components
from circuits, plumbing, and other applications.

Cobalt

Cobalt is a “strategic” metal with very important applications in alloys, particu-
larly in heat-resistant applications, such as jet engines. The major source of cobalt is as
a byproduct of copper refining, although it can also be obtained as a byproduct of
nickel and lead. As much as 50% of the cobalt in these sources is lost to tailings, slag,
or other wastes, so there is a significant potential to improve the recovery of cobalt.
Relatively low percentages of cobalt are recycled as scrap.
Lead

The industrial ecology of lead is very important because of the widespread use of
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this metal and its toxicity. Global fluxes of lead from the anthrosphere are shown in
Figure 18.2.
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Figure 18.2.  Flux of lead in the anthrosphere, globally, on an annual basis in millions of tons per
year. Lead from the geosphere includes metal mined and a small quantity dissipated by coal
combustion.  

Somewhat more than half of the lead processed by humans comes from the
geosphere, mostly as lead mined for the metal, and with a very small fraction
contained in coal that is burned. By far the greatest use of lead is in batteries, and the
amount of battery lead recycled each year approaches that taken from the geosphere.
A small fraction of lead is dissipated as wastes associated with the mining and refining
of the metal and as lead in gasoline, an amount that is decreasing as use of unleaded
gasoline becomes prevalent around the world. A significant quantity of lead goes into
various uses other than batteries, including pigments, solder, cable sheathing, formed
products, and shot in ammunition. Only a small fraction of lead from these uses is
recycled, and this represents a potential improvement in the conservation of lead.
Another area in which improvements can be made is to eliminate or greatly reduce
nonbattery uses of lead, as has been done in the case of lead shot and pigments.
Although a large fraction of lead in batteries is recycled, about 1/3 of the lead used in
batteries is lost; this represents another area of potential improvement in the utilization
of lead.

© 2000 CRC Press LLC



Zinc is relatively abundant and not particularly toxic, so its industrial ecology is of
less concern than that of toxic lead or scarce chromium. As with other metals, the
mining and processing of zinc can pose some environmental concerns. Zinc occurs as
ZnS (a mineral called sphalerite), and the sulfur must be reclaimed in the smelting of
zinc. Zinc minerals often contain significant fractions of lead and copper, as well as
significant amounts of toxic arsenic and cadmium.

Zinc is widely used as the metal, and lesser amounts are used to make zinc
chemicals. One of the larger uses for zinc is as a corrosion-resistant coating on steel.
This application, refined to a high degree in the automotive industry in recent years,
has significantly lengthened the life span of automotive bodies and frames. It is
difficult to reclaim zinc from zinc plating. However, zinc is a volatile element and it
can be recovered in baghouse dust from electric arc furnaces used to reprocess scrap
steel.

Zinc is used along with copper to make the alloy called brass. Brass is very well
adapted to the production of various parts and objectives. It is recyclable, and
significant quantities of brass are recycled as wastes from casting, machining, and as
postconsumer waste.

Although a number of zinc compounds are synthesized and used, by far the most
important of them is zinc oxide, ZnO. Formerly widely used as a paint pigment, this
white substance is now employed as an accelerating and activating agent for
hardening rubber products, particularly tires. Tire wear is a major vector for the
transfer of zinc to the environment and, since it occurs with zinc, toxic cadmium is
also dissipated to the environment by tire wear. The other two major compounds of
zinc employed commercially are zinc chloride used in dry cells, as a disinfectant, and
to vulcanize rubber, and zinc sulfide, used in zinc electroplating baths and to
manufacture zinc-containing insecticides, particularly Zineb.

Two aspects of zinc may be addressed in respect to its industrial ecology. The first
of these is that, although it is not very toxic to animals, zinc is phytotoxic (toxic to
plants) and soil can be “poisoned” by exposure to zinc from zinc smelting or from
application of zinc-rich sewage sludge. The second of these is that the recycling of
zinc is complicated by its dispersal as a plating on other metals. However, means do
exist to reclaim significant fractions of such zinc, such as from electric arc furnaces as
mentioned above.

Potassium 

Potassium deserves special mention as a metal because the potassium ion, K+, is
an essential element required for plant growth. It is mined as potassium minerals and
applied to soil as plant fertilizer. Potassium minerals consist of potassium salts,
generally KCl. Such salts are found as deposits in the ground or may be obtained
from some brines. Very large deposits are found in Saskatchewan, Canada. These salts
are all quite soluble in water.

18.6.  NONMETAL MINERAL RESOURCES

A number of minerals other than those used to produce metals are important
resources. There are so many of these that it is impossible to discuss them all in this
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chapter; however, mention will be made of the major ones. As with metals, the
environmental aspects of mining many of these minerals are quite important.
Typically, even the extraction of ordinary rock and gravel can have important
environmental effects.

Clays are secondary minerals formed by weathering processes on parent minerals
(see Chapter 15, Section 15.7). Clays have a variety of uses. About 70% of the clays
used are miscellaneous clays of variable composition that have uses for a number of
applications including filler (such as in paper), brick manufacture, tile manufacture,
and portland cement production. Somewhat more than 10% of the clay used is
fireclay, which has the characteristic of being able to withstand firing at high
temperatures without warping. This clay is used to make a variety of refractories,
pottery, sewer pipe, tile, and brick. Somewhat less than 10% of the clay that is used is
kaolin, which has the general formula Al2(OH)4Si2O5. Kaolin is a white mineral that
can be fired without losing shape or color. It is employed to make paper filler,
refractories, pottery, dinnerware, and as a petroleum-cracking catalyst. About 7% of
clay mined consists of bentonite and fuller’s earth, a clay of variable composition used
to make drilling muds, petroleum catalyst, carriers for pesticides, sealers, and
clarifying oils. Very small quantities of a highly plastic clay called ball clay are used to
make refractories, tile, and whiteware. U.S. production of clay is about 60 million
metric tons per year, and global and domestic resources are abundant.

Fluorine compounds are widely used in industry. Large quantities of fluorspar,
CaF2, are required as a flux in steel manufacture. Synthetic and natural cryolite,
Na3AlF6, is used as a solvent for aluminum oxide in the electrolytic preparation of
aluminum metal. Sodium fluoride is added to water to help prevent tooth decay, a
measure commonly called water fluoridation. World reserves of high-grade fluorspar
are around 190 million metric tons, about 13% of which is in the United States. This
is sufficient for several decades at projected rates of use. A great deal of by-product
fluorine is recovered from the processing of fluorapatite, Ca5(PO4)3F, used as a source
of phosphorus (see below).

Micas are complex aluminum silicate minerals that are transparent, tough,
flexible, and elastic. Muscovite, K2O•3Al2O3•6 SiO2•2H2O, is a major type of mica.
Better grades of mica are cut into sheets and used in electronic apparatus, capacitors,
generators, transformers, and motors. Finely divided mica is widely used in roofing,
paint, welding rods, and many other applications. Sheet mica is imported into the
United States, and finely divided “scrap” mica is recycled domestically. Shortages of
this mineral are unlikely.

Pigments and fillers of various kinds are used in large quantities. The only
naturally occurring pigments still in wide use are those containing iron. These minerals
are colored by limonite, an amorphous brown-yellow compound with the formula
2Fe2O3•3H2O, and hematite, composed of gray-black Fe2O3. Along with varying
quantities of clay and manganese oxides, these compounds are found in ocher, sienna,
and umber. Manufactured pigments include carbon black, titanium dioxide, and zinc
pigments. About 1.5 million metric tons of carbon black, manufactured by the partial
combustion of natural gas, are used in the U.S. each year, primarily as a reinforcing
agent in tire rubber.

Over 7 million metric tons of minerals are used in the U.S. each year as fillers for
paper, rubber, roofing, battery boxes, and many other products. Among the minerals
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used as fillers are carbon black, diatomite, barite, fuller’s earth, kaolin (see clays,
above), mica, limestone, pyrophyllite, and wollastonite (CaSiO3).

Although sand and gravel are the cheapest of mineral commodities per ton, the
average annual dollar value of these materials is greater than all but a few mineral
products because of the huge quantities involved. In tonnage, sand and gravel pro-
duction is by far the greatest of nonfuel minerals. Almost 1 billion tons of sand and
gravel are employed in construction in the U.S. each year, largely to make concrete
structures, road paving, and dams. Slightly more than that amount is used to
manufacture portland cement and as construction fill. Although ordinary sand is pre-
dominantly silica, SiO2, about 30 million tons of a more pure grade of silica are
consumed in the U.S. each year to make glass, high-purity silica, silicon semicon-
ductors, and abrasives.

At present, old river channels and glacial deposits are used as sources of sand and
gravel. Many valuable deposits of sand and gravel are covered by construction and
lost to development. Transportation and distance from source to use are especially
crucial for this resource. Environmental problems involved with defacing land can be
severe, although bodies of water used for fishing and other recreational activities
frequently are formed by removal of sand and gravel.  

18.7.  PHOSPHATES

Phosphate minerals  are of particular importance because of their essential use in
the manufacture of fertilizers applied to land to increase crop productivity. In addition,
phosphorus is used for supplementation of animal feeds, synthesis of detergent
builders, and preparation of chemicals such as pesticides and medicines. The most
common phosphate minerals are hydroxyapatite, Ca5(PO4)3(OH), and fluorapatite,
Ca5(PO4)3F. Ions of Na, Sr, Th, and U are found substituted for calcium in apatite
minerals. Small amounts of PO4

3- may be replaced by  AsO4
3- and the arsenic must

be removed for food applications. Approximately 17% of world phosphate
production is from igneous minerals, primarily fluorapatites. About three-fourths of
world phosphate production is from sedimentary deposits, generally of marine origin.
Vast deposits of phosphate, accounting for approximately 5% of world phosphate
production, are derived from guano droppings of seabirds and bats. Current U.S.
production of phosphate rock is around 40 million metric tons per year, most of it
from Florida. Idaho, Montana, Utah, Wyoming, North Carolina, South Carolina, and
Tennessee also have sources of phosphate. Reserves of phosphate minerals in the
United States amount to 10.5 billion metric tons, containing approximately 1.4 billion
metric tons of phosphorus.

Phosphate in the naturally occurring minerals is not sufficiently available to be
used as fertilizer. For commercial phosphate fertilizer production, these minerals are
treated with phosphoric or sulfuric acids to produce more soluble superphosphates.

2Ca5(PO4)3F(s)  +  14H3PO4  +  10H2O  →  
  2HF(g)  +  10Ca(H2PO4)2

•H2O (18.7.1)

2Ca5(PO4)3F(s)  +  7H2SO4  +  3H2O
  →  

  2HF(g)  +  3Ca(H2PO4)2•H2O  +  7CaSO4 (18.7.2)
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The HF produced as a byproduct of superphosphate production can create air
pollution problems, and the recovery of fluorides is an important aspect of the
industrial ecology of phosphate production.

Phosphate minerals are rich in trace elements required for plant growth, such as
boron, copper, manganese, molybdenum, and zinc. Ironically, these elements are lost
in processing phosphate for fertilizers and are sometimes added later.

Ammonium phosphates are excellent, highly soluble phosphate fertilizers. Liquid
ammonium polyphosphate fertilizers consisting of ammonium salts of pyrophosphate,
triphosphate, and small quantities of higher polymeric phosphate anions in aqueous
solution can be used as phosphate fertilizers. The polyphosphates are believed to have
the additional advantage of chelating iron and other micronutrient metal ions, thus
making the metals more available to plants.

There are at least two major reasons why the industrial ecology of phosphorus is
particularly important. The first of these is that current rates of phosphate use would
exhaust known reserves of phosphate within two or three generations. Although
additional sources of phosphorus will be found and exploited, it is clear that this
essential mineral is in distressingly short supply relative to human consumption;
phosphate shortages, along with sharply higher prices, will eventually cause a crisis in
food production. The second significant aspect of the industrial ecology of phosphorus
is the pollution of waterways by waste phosphate, a plant and algal nutrient. This
results in excessive growth of algae in the water, followed by decay of the plant
biomass, consumption of dissolved oxygen, and an undesirable condition of
eutrophication.

Excessive use of phosphate coupled with phosphate pollution suggests that
phosphate wastes, such as from sewage treatment, should be substituted as sources of
plant fertilizer. Several other partial solutions to the problem of phosphate shortages
are the following:

• Development and implementation of methods of fertilizer application that
maximize efficient utilization of phosphate

• Genetic engineering of plants that have minimal phosphate requirements
and that utilize phosphorus with maximum efficiency

• Development of systems to maximize the utilization of phosphorus-rich
animal wastes

18.8.  SULFUR

 Sulfur is an important nonmetal; its greatest single use is in the manufacture of
sulfuric acid. However, the element is employed in a wide variety of other industrial
and agricultural products. Current consumption of sulfur amounts to approximately
10 million metric tons per year in the United States. The four most important sources
of sulfur are (in decreasing order) deposits of elemental sulfur, H2S recovered from
sour natural gas, organic sulfur recovered from petroleum, and pyrite (FeS2).
Recovery of sulfur from coal used as a fuel is a huge potential, largely untapped
source of this important nonmetal.

The resource situation for sulfur differs from that of phosphorus in several
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significant respects. Although sulfur is an essential nutrient like phosphorus, most soils
contain sufficient amounts of nutrient sulfur, and the major uses of sulfur are in the
industrial sector. The sources of sulfur are varied and abundant and supply is no
problem either in the United States or worldwide; sulfur recovery from fossil fuels as
a pollution control measure could even result in surpluses of this element.

About 90% of the use of sulfur in the world is for the manufacture of sulfuric
acid. Almost 2/3 of the sulfuric acid consumed is used to make phosphate fertilizers as
discussed in Section 18.7, in which case the phosphorus ends up as waste “phospho-
gypsum,” CaSO4

.xH2O. Other uses of sulfur include lead storage batteries, steel
pickling, petroleum refining, extraction of copper from copper ore, and the chemical
industry.  

The industrial ecology of sulfur needs to emphasize reduction of wastes and sulfur
pollution, rather than supply of this element. Unlike many resources, such as most
common metals, the uses of sulfur are for the most part dissipative, and the sulfur is
“lost” to agricultural land, paper products, petroleum products, or other
environmental sinks. There are two major environmental concerns with sulfur. One of
these is the emission of sulfur into the atmosphere, which occurs mostly as pollutant
sulfur dioxide and is largely manifested by production of acidic precipitation and dry
deposition. The second major environmental concern with sulfur is that it is used
mostly as sulfuric acid and is not incorporated into products, thus posing the potential
to pollute water and create acidic wastes. Acid purification units are available to
remove significant amounts of sulfuric acid from waste acid solutions for recycling. 

Gypsum

Calcium sulfate in the form of the dihydrate CaSO4
.2H2O is the mineral gypsum,

one of the most common forms in which waste sulfur is produced. As noted, large
quantities of this material are produced as a by-product of phosphate fertilizer
manufacture. Another major source of gypsum is its production when lime is used to
remove sulfur dioxide from power plant stack gas,

 Ca(OH)2  +  SO2  →  CaSO3  +  H2O (18.8.1)
 

to produce a calcium sulfite product that can be oxidized to calcium sulfate. About
100 million metric tons of gypsum are mined each year for a variety of uses,
including production of portland cement, to produce wallboard, as a soil conditioner
to loosen tight clay soils, and numerous other applications.

Calcium sulfate from industrial or natural (gypsum) sources can be calcined at a
very low temperature of only 159˚C to produce CaSO4

.1/2H2O, a material known as
plaster of Paris, which was once commonly used for the manual application of plaster
to walls. Plaster of Paris mixed with water forms a plastic material which sets up as
the solid dihydrate,

 CaSO4
.1/2H2O  +  3/2H2O →  CaSO4

.2H2O (18.8.2)

Cast into sheets coated with paper, this material produces plasterboard commonly
used for the interior walls of homes and other buildings. Historically, plaster of Paris
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was used for mortar and other structural applications, and it has the potential for
similar applications today.

 The very large quantities of gypsum that are mined suggest that by-product
calcium sulfate, especially that produced with phosphate fertilizers and from flue gas
desulfurization, should be a good candidate for reclamation through  the practice of
industrial ecology. The low temperature (see above) required to convert hydrated
calcium sulfate to CaSO4

.1/2H2O, which can be set up as a solid by mixing with
water, suggests that the energy requirements for a gypsum-based by-products
industry should be modest. Low-density gypsum blown as a foam and used as a filler
in composites along with sturdy reinforcing materials should have good insulating,
fire-resistant, and structural properties for building construction.

18.9. WOOD—A MAJOR RENEWABLE RESOURCE

Fortunately, one of the major natural resources in the world, wood, is a renewable
resource. Production of wood and wood products is the fifth largest industry in the
United States, and forests cover one-third of the United States surface area. Wood
ranks first worldwide as a raw material for the manufacture of other products,
including lumber, plywood, particle board, cellophane, rayon, paper, methanol,
plastics, and turpentine. 

Chemically, wood is a complicated substance consisting of long cells having thick
walls composed of polysaccharides such as cellulose,
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The polysaccharides in cell walls account for approximately three-fourths of solid
wood, wood from which extractable materials have been removed by an alcohol-
benzene mixture. Wood typically contains a few tenths of a percent of ash (mineral
residue left from the combustion of wood).

A wide variety of organic compounds can be extracted from wood by water,
alcohol-benzene, ether, and steam distillation. These compounds include tannins,
pigments, sugars, starch, cyclitols, gums, mucilages, pectins, galactans, terpenes,
hydrocarbons, acids, esters, fats, fatty acids, aldehydes, resins, sterols, and waxes.
Substantial amounts of methanol (sometimes called wood alcohol) are obtained from
wood, particularly when it is pyrolyzed. Methanol, once a major source of liquid fuel,
is now being used to a limited extent as an ingredient of some gasoline blends (see
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gasohol in Section 18.19).
A major use of wood is in paper manufacture. The widespread use of paper is a

mark of an industrialized society. The manufacture of paper is a highly advanced
technology. Paper consists essentially of cellulosic fibers tightly pressed together. The
lignin fraction must first be removed from the wood, leaving the cellulosic fraction.
Both the sulfite and alkaline processes for accomplishing this separation have resulted
in severe water and air pollution problems, now significantly alleviated through the
application of advanced treatment technologies.

Wood fibers and particles can be used for making fiberboard, paper-base
laminates (layers of paper held together by a resin and formed into the desired
structures at high temperatures and pressures), particle board (consisting of wood
particles bonded together by a phenol-formaldehyde or urea-formaldehyde resin), and
nonwoven textile substitutes consisting of wood fibers held together by adhesives.
Chemical processing of wood enables the manufacture of many useful products,
including methanol and sugar. Both of these substances are potential major products
from the 60 million metric tons of wood wastes produced in the U.S. each year.

18.10. THE ENERGY PROBLEM

Since the 1973-74 “energy crisis,” much has been said and written, many learned
predictions have gone awry, and some concrete action has even taken place.
Catastrophic economic disruption, people “freezing in the dark,” and freeways given
over to bicycles (perhaps a good idea) have not occurred. Nevertheless, uncertainties
over petroleum availability and price and disruptions such as the 1990 Gulf War have
caused energy to be one of the major problems of modern times.

In the U.S. concern over energy supplies and measures taken to ensure alternate
supplies reached a peak in the late 1970s. Significant programs on applied energy
research were undertaken in the areas of renewable energy sources, efficiency, and
fossil fuels. The financing of these efforts reached a peak around 1980, then dwindled
significantly after that date. By the year 2000, an abundance of fossil energy had
resulted in a false sense of security regarding energy sources.

The solutions to energy problems are strongly tied to environmental consider-
ations. For example, a massive shift of the energy base to coal in nations that now
rely largely on petroleum for energy would involve much more strip mining, potential
production of acid mine water, use of scrubbers, and release of greenhouse gases (car-
bon dioxide from coal combustion and methane from coal mining). Similar examples
could be cited for most other energy alternatives.

Dealing with the energy problem requires a heavy reliance on technology, which
is discussed in numerous places in this book. Computerized control of transportation
and manufacturing processes enables much more efficient utilization of energy. New
and improved materials enable higher peak temperatures and therefore greater
extraction of usable energy in thermal energy conversion processes. Innovative
manufacturing processes have greatly lowered the costs of photovoltaic cells used to
convert sunlight directly to energy.
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At present, most of the energy consumed by humans is produced from fossil
fuels. Estimates of the amounts of fossil fuels available differ; those of the quantities of
recoverable fossil fuels in the world before 1800 are given in Figure 18.3. By far the
greatest recoverable fossil fuel is in the form of coal and lignite. Furthermore, only a
small percentage of this energy source has been utilized to date, whereas much of the
recoverable petroleum and natural gas has already been consumed. Projected use of
these latter resources indicates rapid depletion.

containing 3.25 x 1015

7.6 x 1012 metric tons of coal and lignite,
containing 55.9 x 1015 kw-hr of energy

0.19 x 1012 barrels 1.0 x 1016 cubic feet
of natural gas con-
taining 2.94 x 1015

kw-hr energy

2.0 x 1012 barrels
of liquid petroleum

kw-hr energy
taining 0.32 x 1015
of shale oil con-

kw-hr energy

0.30 x 1012 barrels
of tar-sand oil con-
taining 0.51 x 1015

kw-hr energy

Figure 18.3.  Original amounts of the world’s recoverable fossil fuels (quantities in thermal kilowatt
hours of energy based upon data taken from M. K. Hubbert, “The Energy Resources of the Earth,”
in Energy and Power, W. H. Freeman and Co., San Francisco, 1971).

Although world coal resources are enormous and potentially can fill energy needs
for  a century or two, their utilization is limited by environmental disruption from
mining and emissions of carbon dioxide and sulfur dioxide. These would become
intolerable long before coal resources were exhausted. Assuming only uranium-235 as
a fission fuel source, total recoverable reserves of nuclear fuel are roughly about the
same as fossil fuel reserves. These are many orders of magnitude higher if the use of
breeder reactors is assumed. Extraction of only 2% of the deuterium present in the
earth’s oceans would yield about a billion times as much energy by controlled nuclear
fusion as was originally present in fossil fuels! This prospect is tempered by the lack of
success in developing a controlled nuclear fusion reactor. Geothermal power,
currently utilized in northern California, Italy, and New Zealand, has the potential for
providing a significant percentage of energy worldwide. The same limited potential is
characteristic of several renewable energy resources, including hydroelectric energy,
tidal energy, and especially wind power. All of these will continue to contribute
significant, but relatively small, amounts of energy. Renewable, nonpolluting solar
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energy comes as close to being an ideal energy source as any available. It almost
certainly has a bright future.

18.12. ENERGY CONSERVATION

Any consideration of energy needs and production must take energy conservation
into consideration. This does not have to mean cold classrooms with thermostats set
at 60˚F in mid-winter, nor swelteringly hot homes with no air-conditioning, nor total
reliance on the bicycle for transportation, although these and even more severe
conditions are routine in many countries. The fact remains that the United States has
wasted energy at a deplorable rate. For example, U.S. energy consumption is higher
per capita than that of some other countries that have equal, or significantly better,
living standards. Obviously, a great deal of potential exists for energy conservation
that will ease the energy problem.

Transportation is the economic sector with the greatest potential for increased
efficiencies. The private auto and airplane are only about one-third as efficient as buses
or trains for transportation. Transportation of freight by truck requires about 3800
Btu/ton-mile, compared to only 670 Btu/ton-mile for a train. It is terribly inefficient
compared to rail transport (as well as dangerous, labor-intensive, and environmentally
disruptive). Major shifts in current modes of transportation in the U.S. will not come
without anguish, but energy conservation dictates that they be made.

Household and commercial uses of energy are relatively efficient. Here again,
appreciable savings can be made. The all-electric home requires much more energy
(considering the percentage wasted in generating electricity) than a home heated with
fossil fuels. The sprawling ranch-house style home uses much more energy per person
than does an apartment unit or row house. Improved insulation, sealing around the
windows, and other measures can conserve a great deal of energy. Electric generating
plants centrally located in cities can provide waste heat for commercial and residential
heating and cooling and, with proper pollution control, can use municipal refuse for
part of their fuel, thus reducing quantities of solid wastes requiring disposal. As
scientists and engineers undertake the crucial task of developing alternative energy
sources to replace dwindling petroleum and natural gas supplies, energy conservation
must receive proper emphasis. In fact, zero energy-use growth, at least on a per capita
basis, is a worthwhile and achievable goal. Such a policy would go a long way toward
solving many environmental problems. With ingenuity, planning, and proper
management, it could be achieved while increasing the standard of living and quality
of life.
18.13. ENERGY CONVERSION PROCESSES

As shown in Figure 18.4, energy occurs in several forms and must be converted
to other forms. The efficiencies of conversion vary over a wide range. Conversion of
electrical energy to radiant energy by incandescent light bulbs is very inefficient—less
than 5% of the energy is converted to visible light and the remainder is wasted as
heat. At the other end of the scale, a large electrical generator is around 80% efficient
in producing electrical energy from mechanical energy. The once much-publicized
Wankel rotary engine converts chemical to mechanical energy with an efficiency of
about 18%, compared to 25% for a gasoline-powered piston engine and about 37%
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for a diesel engine. A modern coal-fired steam-generating power plant converts
chemical energy to electrical energy with an overall efficiency of about 40%.

Figure 18.4.  Kinds of energy and examples of conversion between them, with conversion efficiency
percentages.

One of the most significant energy conversion processes is that of thermal energy
to mechanical energy in a heat engine such as a steam turbine. The Carnot equation,

Percent efficiency =   
T1  -  T2   x 100 (18.13.1)             

T1

states that the percent efficiency is given by a fraction involving the inlet temperature
(for example, of steam), T1, and the outlet temperature, T2. These temperatures are
expressed in Kelvin (˚C + 273). Typically, a steam turbine engine operates with
approximately 810 K inlet temperature and 330 K outlet temperature. These
temperatures substituted into the Carnot equation give a maximum theoretical effic-
iency of 59%. However, because it is not possible to maintain the incoming steam at
the maximum temperature and because mechanical energy losses occur, overall
efficiency of conversion of thermal energy to mechanical energy in a modern steam
power plant is approximately 47%. Taking into account losses from conversion of
chemical to thermal energy in the boiler, the total efficiency is about 40%.

Some of the greatest efficiency advances in the conversion of chemical to
mechanical or electrical energy have been made by increasing the peak inlet temper-
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ature in heat engines. The use of superheated steam has raised T1 in a steam power
plant from around 550 K in 1900 to about 850 K at present. Improved materials and
engineering design, therefore, have resulted in large energy savings.

The efficiency of nuclear power plants is limited by the maximum temperatures
attainable. Reactor cores would be damaged by the high temperatures used in fossil-
fuel-fired boilers and have a maximum temperature of approximately 620 K. Because
of this limitation, the overall efficiency of conversion of nuclear energy to electricity is
about 30%.

Most of the 60% of energy from fossil-fuel-fired power plants and 70% of energy
from nuclear power plants that is not converted to electricity is dissipated as heat,
either into the atmosphere or into bodies of water and streams. The latter is thermal
pollution, which may either harm aquatic life or, in some cases, actually increase bio-
activity in the water to the benefit of some species. This waste heat is potentially very
useful in applications like home heating, water desalination, and aquaculture (growth
of plants in water).

Some devices for the conversion of energy are shown in Figure 18.5. Substantial
advances have been made in energy conversion technology over many decades and
more can be projected for the future. The use of higher temperatures and larger
generating units have increased the overall efficiency of fossil-fueled electrical power
generation from less than 4% in 1900 to more than 40%. An approximately four-fold
increase in the energy-use efficiency of rail transport occurred during the 1940s and
1950s with the replacement of steam locomotives with diesel locomotives. During the
coming decades, increased efficiency can be anticipated from such techniques as
combined power cycles in connection with generation of electricity.
Magnetohydrodynamics (Figure 18.7) may be developed as a very efficient energy
source used in combination with conventional steam generation. Entirely new devices
such as thermonuclear reactors for the direct conversion of nuclear fusion energy to
electricity will possibly be developed.

18.13. PETROLEUM AND NATURAL GAS

Since its first commercial oil well in 1859, the United States has produced
somewhat more than 100 billion barrels of oil, most of it in recent years. In 1994
world petroleum consumption was at a rate of about 65 million barrels per day.
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Figure 18.5.  Some energy conversion devices.
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Liquid petroleum is found in rock formations ranging in porosity from 10 to
30%. Up to half of the pore space is occupied by water. The oil in these formations
must flow over long distances to an approximately 15-cm diameter well from which it
is pumped. The rate of flow depends on the permeability of the rock formation, the
viscosity of the oil, the driving pressure behind the oil, and other factors. Because of
limitations in these factors, primary recovery of oil yields an average of about 30%
of the oil in the formation, although  it is sometimes as little as 15%. More oil can be
obtained using secondary recovery techniques, which involve forcing water under
pressure into the oil-bearing formation to drive the oil out. Primary and secondary
recovery together typically extract somewhat less than 50% of the oil from a
formation. Finally, tertiary recovery can be used to extract even more oil, normally
through the injection of pressurized carbon dioxide, which forms a mobile solution
with the oil and allows it  to flow more easily to the well. Other chemicals, such as
detergents, may be used to aid in tertiary recovery. Currently, about 300 billion
barrels of U.S. oil are not available through primary recovery alone. A recovery
efficiency of 60% through secondary or tertiary techniques could double the amount
of available petroleum. Much of this would come from fields which have already been
abandoned or essentially exhausted using primary recovery techniques.

Shale oil is a possible substitute for liquid petroleum. Shale oil is a pyrolysis
product of oil shale, a rock containing organic carbon in a complex structure of
biological origin from eons past called kerogen. Oil shale is believed to contain
approximately 1.8. trillion barrels of shale oil that could be recovered from deposits in
Colorado, Wyoming, and Utah. In the Colorado Piceance Creek basin alone, more
than 100 billion barrels of oil could be recovered from prime shale deposits.

Shale oil may be recovered from the parent mineral by retorting the mined shale
in a surface retort. A major environmental disadvantage is that this process requires
the mining of enormous quantities of mineral and disposal of the spent shale, which
has a volume greater than the original mineral. In situ retorting limits the control
available over infiltration of underground water and resulting water pollution. Water
passing through spent shale becomes quite saline, so there is major potential for
saltwater pollution.

During the late 1970s and early 1980s, several corporations began building
facilities for shale oil extraction in northwestern Colorado. Large investments were
made in these operations, and huge expenditures were projected for commercializa-
tion. Falling crude oil prices caused all these operations to be canceled. A large project
for the recovery of oil from oil sands in Alberta, Canada, was also canceled in the
1980s.

Natural gas, consisting almost entirely of methane, has become more attractive as
an energy source with recent discoveries and development of substantial new sources
of this premium fuel. In addition to its use as a fuel, natural gas can be converted to
many other hydrocarbon materials. It can be used as a raw material for the Fischer-
Tropsch synthesis of gasoline. New unconventional sources of natural gas, such as
may exist in geopressurized zones, could provide abundant energy reserves for the
U.S., though at substantially increased prices.
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From Civil War times until World War II, coal was the dominant energy source
behind industrial expansion in most nations. However, after World War II, the greater
convenience of lower-cost petroleum resulted in a decrease in the use of coal for
energy in the U.S. and in a number of other countries. Annual coal production in the
U.S. fell by about one third, reaching a low of approximately 400 million tons in
1958. Since that time U.S. production has increased. Several statistics illustrate the
importance of coal as a source of energy by earth’s population. Overall, about one-
third of the energy used by humankind is provided from coal. The percentage of
electricity generated by coal is even higher, around 45%. Almost three-fourths of the
energy and coke used to make steel, the commodity commonly taken as a measure of
industrial development, is provided by coal.

The general term coal describes a large range of solid fossil fuels derived from
partial degradation of plants. Table 18.2 shows the characteristics of the major classes
of coal found in the U.S., differentiated largely by percentage of fixed carbon,
percentage of volatile matter, and heating value (coal rank). Chemically, coal is a
very complex material and is by no means pure carbon. For example, a chemical
formula expressing the composition of Illinois No. 6 bituminous coal is
C100H85S2.1N1.5O9.5.

Table 18.2.  Major Types of Coal Found in the United States                                                                                                                       

                                                             Proximate analysis, percent1
                                                                               

        
Fixed Volatile Range of heating

Type of Coal carbon  matter Moisture Ash value (Btu/pound)                                                                                                                       

Anthracite 82 5 4 9 13,000 - 16,000

Bituminous

Low-volatile 66 20 2 12 11,000 - 15,000

Medium-volatile 64 23  3 10 11,000 - 15,000

High-volatile 46 44 6  4 11,000 - 15,000

Subbituminous 40 32 19 9 8,000 - 12,000

Lignite 30 28 37  5 5,500 -  8,000
                                                                                                                                                               
1 These values may vary considerably with the source of coal.

Figure 18.6 shows areas in the U.S. with major coal reserves. Anthracite, a hard,
clean-burning, low-sulfur coal, is the most desirable of all coals. Approximately half of
the anthracite originally present in the United States has been mined. Bituminous coal
found in the Appalachian and north central coal fields has been widely used. It is an
excellent fuel with a high heating value. Unfortunately, most bituminous coals have a
high percentage of sulfur (an average of 2-3%), so the use of this fuel presents
environmental problems. Huge reserves of virtually untouched subbituminous and
lignite coals are found in the Rocky Mountain states and in the northern plains of the
Dakotas, Montana, and Wyoming. Despite some disadvantages, the low sulfur content
and ease of mining these low-polluting fuels are resulting in a rapid increase in their
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use, and the sight of long unit trains carrying these fuels from western states to power
plants in the eastern U. S. have become very common.

Figure 18.6.  Areas with major coal reserves in the coterminous United States.

The extent to which coal can be used as a fuel depends upon solutions to several
problems, including (1) minimizing the environmental impact of coal mining; (2)
removing ash and sulfur from coal prior to combustion; (3) removing ash and sulfur
dioxide from stack gas after combustion; (4) conversion of coal to liquid and gaseous
fuels free of ash and sulfur; and, most important, (5) whether or not the impact of
increased carbon dioxide emissions upon global climate can be tolerated. Progress is
being made on minimizing the environmental impact of mining. As more is learned
about the processes by which acid mine water is formed, measures can be taken to
minimize the production of this water pollutant. Particularly on flatter lands, strip-
mined areas can be reclaimed with relative success. Inevitably, some environmental
damage will result from increased coal mining, but the environmental impact can be
reduced by various control measures. Washing, flotation, and chemical processes can
be used to remove some of the ash and sulfur prior to burning. Approximately half of
the sulfur in the average coal occurs as pyrite, FeS2, and half as organic sulfur.
Although little can be done to remove the latter, much of the pyrite can be separated
from most coals by physical and chemical processes.

The maintenance of air pollution emission standards requires the removal of sulfur
dioxide from stack gas in coal-fired power plants. Stack gas desulfurization presents
some economic and technological problems; the major processes available for it are
summarized in Chapter 11, Section 11.5.

Magnetohydrodynamic power combined with conventional steam generating
units has the potential for a major breakthrough in the efficiency of coal utilization. A
schematic diagram of magnetohydrodynamic (MHD) generator is shown in Figure
18.7. This device uses a plasma of ionized gas at around 2400˚C blasting through a
very strong magnetic field of at least 50,000 gauss to generate direct current. The ion-
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ization of the gas is accomplished by injecting a “seed” of cesium or potassium salts.
In an MHD generator, the ultra-high-temperature gas issuing through a supersonic
nozzle contains ash, sulfur dioxide, and nitrogen oxides, which severely erode and
corrode the materials used. This hot gas is used to generate steam for a conventional
steam power plant, thus increasing the overall efficiency of the process. The seed salts
combine with sulfur dioxide and are recovered along with ash in the exhaust.
Pollutant emissions are low. The overall efficiency of combined MHD-steam power
plants should reach 60%, one and one-half times the maximum of present steam-only
plants. Despite some severe technological difficulties, there is a chance that MHD
power could become feasible on a large scale, and an experimental MHD generator
was tied to a working power grid in the former Soviet Union for several years. As of
the early 1990s, the U.S. Department of Energy was conducting a proof-of-concept
project to help determine the practicability of magnetohydrodynamics.

Plasma (2400˚C)

Exhaust gases to steam
boiler, air preheater,
cleanup, and seed recovery

Cooled insulating mater-
ial lined with zirconia
electrodes

Combustion

Magnetic field - terminal+ terminal
High velocity
nozzle

Preheated air

Pulverized coal

Cesium or potas-
sium salt seed

Figure 18.7.  A magnetohydrodynamic power generator.

Coal Conversion

As shown in Figure 18.8, coal can be converted to gaseous, liquid, or low-sulfur,
low-ash solid fuels such as coal char (coke) or solvent-refined coal (SRC). Coal
conversion is an old idea; a house belonging to William Murdock at Redruth,
Cornwall, England, was illuminated with coal gas in 1792. The first municipal coal-gas
system was employed to light Pall Mall in London in 1807. The coal-gas industry
began in the U.S. in 1816. The early coal-gas plants used coal pyrolysis (heating in the
absence of air) to produce a hydrocarbon-rich product particularly useful for
illumination. Later in the 1800s the water-gas process was developed, in which steam
was added to hot coal to produce a mixture consisting primarily of H2 and CO. It was
necessary to add volatile hydrocarbons to this “carbureted” water-gas to bring its
illuminating power up to that of gas prepared by coal pyrolysis. The U.S. had 11,000
coal gasifiers operating in the 1920s. At the peak of its use in 1947, the water-gas
method accounted for 57% of U.S.-manufactured gas. The gas was made in low-
pressure, low-capacity gasifiers that by today’s standards would be inefficient and
environmentally unacceptable (many sites of these old plants have been designated as
hazardous waste sites because of residues of coal tar and other wastes). During World
War II, Germany developed a major synthetic petroleum industry based on coal,
which reached a peak capacity of 100,000 barrels per day in 1944. A synthetic
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petroleum plant operating in Sasol, South Africa, reached a capacity of several tens of
thousands of tons of coal per day in the 1970s.

Figure 18.8.  Routes to coal conversion.

The two broadest categories of coal conversion are gasification and liquefaction.
Arguably the most developed route for coal gasification is the Texaco process, which
gasifies a water slurry of coal at temperatures of 1250˚C to 1500˚C and pressures of
350 to 1200 pounds per square inch. Chemical addition of hydrogen to coal can
liquefy it and produce a synthetic petroleum product. This can be done with a
hydrogen donor solvent, which is recycled and itself hydrogenated with H2 during
part of the cycle. Such a process forms the basis of the successful Exxon Donor
Solvent process, which has been used in a 250 ton/day pilot plant.

A number of environmental implications are involved in the widespread use of
coal conversion. These include strip mining, water consumption in arid regions, lower
overall energy conversion compared to direct coal combustion, and increased output
of atmospheric carbon dioxide. These plus economic factors have prevented coal
conversion from being practiced on a very large scale.

18.15. NUCLEAR FISSION POWER

The awesome power of the atom revealed at the end of World War II held out
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enormous promise for the production of abundant, cheap energy. This promise has
never really come to full fruition, although nuclear energy currently provides a
significant percentage of electric energy in many countries, and it may be the only
source of electrical power that can meet world demand without unacceptable
environmental degradation, particularly through the generation of greenhouse gases.
It has been characterized as a “misunderstood” source of electricity.2

Nuclear power reactors currently in use depend upon the fission of uranium-235
nuclei by reactions such as

 
235 1 133 99 1
92U  +  0n 0n51Sb  +  41Nb  + 4 (18.15.1)

to produce two radioactive fission products, an average of 2.5 neutrons, and an
average of 200 MeV of energy per fission. The neutrons, initially released as fast-
moving, highly energetic particles, are slowed to thermal energies in a moderator
medium. For a reactor operating at a steady state, exactly one of the neutron
products from each fission is used to induce another fission reaction in a chain
reaction (Figure 18.9):

• •U-235
Neutron

Neutrons

+

•

•

Fission

 products

Figure 18.9.  Fission of a uranium-235 nucleus.

The energy from these nuclear reactions is used to heat water in the reactor core and
produce steam to drive a steam turbine, as shown in Figure 18.10.3 As noted in
Section 18.13 , temperature limitations make nuclear power less efficient in convert-
ing heat to mechanical energy and, therefore, to electricity, than fossil energy
conversion processes.

A limitation of fission reactors is the fact that only 0.71% of natural uranium is
fissionable uranium-235. This situation could be improved by the development of
breeder reactors, which convert uranium-238 (natural abundance 99.28%) to fission-
able plutonium-239.

A major consideration in the widespread use of nuclear fission power is the
production of large quantities of highly radioactive waste products. These remain
lethal for thousands of years. They must either be stored in a safe place or disposed of
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permanently in a safe manner. At the present time, spent fuel elements are being
stored under water at the reactor sites. Eventually, the wastes from this fuel will have
to be buried.

Steam

Control rods to
absorb excess
neutrons and
regulate chain
reaction

Fuel rods containing
uranium

Superheated
    water

Steam
turbine

Electrical
generator

Waste heat exchanger Heat sink

Heat exchanger
(steam generator)

Pressure vessel,
reactor core

Figure 18.10.  A typical nuclear fission power plant.

Another problem to be faced with nuclear fission reactors is their eventual
decommissioning. There are three possible solutions. One is dismantling soon after
shutdown, in which the fuel elements are removed, various components are flushed
with cleaning fluids, and the reactor is cut up by remote control and buried. “Safe
storage” involves letting the reactor stand 30-100 years to allow for radioactive
decay, followed by dismantling. The third alternative is entombment, encasing the
reactor in a concrete structure.

The course of nuclear power development was altered drastically by two
accidents. The first of these occurred on March 28, 1979, with a partial loss of coolant
water from the Metropolitan Edison Company’s nuclear reactor located on Three
Mile Island in the Susquehanna River, 28 miles outside of Harrisburg, Pennsylvania.
The result was a loss of control, overheating, and partial disintegration of the reactor
core. Some radioactive xenon and krypton gases were released and some radioactive
water was dumped into the Susquehanna River. In August of 1993, cleanup workers
finished evaporating the water from about 8 million liters of water solution
contaminated by the reactor accident, enabling the reactor building to be sealed. A
much worse accident occurred at Chernobyl in the Soviet Union in April of 1986
when a reactor blew up spreading radioactive debris over a wide area and killing a
number of people (officially 31, but probably many more).4 Thousands of people were
evacuated and the entire reactor structure had to be entombed in concrete. Food was
seriously contaminated as far away as northern Scandinavia.

A much less serious, but still troublesome, nuclear accident occurred at the
Tokaimura uranium processing plant in Japan on September 30, 1999, when a critical
mass of enriched uranium was produced resulting in a chain reaction that exposed
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three workers to potentially lethal levels of radiation and contaminated 55 other
workers and medical personnel. In violation of procedures, the workers used buckets
to mix uranyl nitrate in a mixing tank, leading to an accumulation of about 16 kg of
solution, greatly exceeding the tank’s safety limit of 2.4 kg. The uranium, prepared
for use in Japan’s Nuclear Cycle Development Institutute’s experimental fast-breeder
reactor, was enriched to 18.8% fissionable 235U, much higher than the 3–4% normally
used in power reactors.

As of 1999, 21 years had passed since a new nuclear electric power plant had
been ordered in the U.S., in large part because of the projected high costs of new
nuclear plants. Although this tends to indicate hard times for the nuclear industry,
pronouncements of its demise may be premature. Properly designed nuclear fission
reactors can generate large quantities of electricity reliably and safely. For example,
during the record summer 1993 Mississippi/Missouri River floods, many large fossil-
fueled power plants were on the verge of shutting down because of disruptions of fuel
supply normally delivered by river barge and train. During that time Union Electric’s
large Callaway nuclear plant in central Missouri ran continuously at full capacity,
immune to the effects of the flood, probably saving a large area from a devastating,
long-term power outage. The single most important factor that may lead to
renaissance of nuclear energy is the threat to the atmosphere from greenhouse gases
produced in large quantities by fossil fuels. It can be argued that nuclear energy is the
only proven alternative that can provide the amounts of energy required within
acceptable limits of cost, reliability, and environmental effects.

New designs for nuclear power plants should enable construction of power
reactors that are much safer and environmentally acceptable than those built with
older technologies. The proposed new designs incorporate built-in passive safety fea-
tures that work automatically in the event of problems that could lead to incidents
such as TMI or Chernobyl with older reactors. These devices—which depend upon
phenomena such as gravity feeding of coolant, evaporation of water, or convection
flow of fluids—give the reactor the desirable characteristics of passive stability. They
have also enabled significant simplification of hardware, with only about half as many
pumps, pipes, and heat exchangers as are contained in older power reactors.

18.16. NUCLEAR FUSION POWER

The two main reactions by which energy can be produced from the fusion of two
light nuclei into a heavier nucleus are the deuterium-deuterium reaction,

1H  +  1H  →   2He  +  0n  +  1 Mev (energy released per fusion)
2 2 3 1

(18.16.1)

and the deuterium-tritium reaction:

43
1H  +  1H  →   2He  +  0n  +  17.6 Mev (energy released per fusion)2 1

(18.16.2)

The second reaction is more feasible because less energy is required to fuse the two
nuclei than to fuse two deuterium nuclei. However, the total energy from deuterium-
tritium fusion is limited by the availability of tritium, which is made from nuclear
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reactions of lithium-6 (natural abundance, 7.4%). The supply of deuterium, however,
is essentially unlimited; one out of every 6700 atoms of hydrogen is the deuterium
isotope. The 3He byproduct of the fusion of two deuterium nuclei, Reaction 18.16.1,
reacts with neutrons, which are abundant in a nuclear fusion reactor, to produce
tritium required for Reaction 18.16.2.

The power of nuclear fusion has not yet been harnessed in a sustained, controlled
reaction of appreciable duration that produces more power than it consumes. Most
approaches have emphasized magnetic confinement, the “squeezing” of a plasma
(ionized gas) of fusionable nuclei in a strong magnetic field. In 1994 a record power
level pulse of 10.7 megawatts (MW) was achieved from the fission of deuterium with
tritium by the Tokamak Fusion Test Reactor operated by Princeton University for the
U.S. Department of Energy.5 This level exceeds 20% of the power put into the
reactor to achieve fusion, which of course must be boosted to well over 100% for a
self-sustained fusion reactor. Within three years after this record power pulse was
achieved the Princeton Tokamak Fusion Test Reactor was shut down for lack of
funding, although experiments on controlled nuclear fusion have continued at the
facility and others around the world. The United States also withdrew from a huge
international Tokamak project after $1 billion had been spent on the undertaking,
although a consortium of European countries, Russia, and Japan continue to support
the project.

An alternative to magnetic confinement is inertial confinement in which a pellet
composed of deuterium and tritium frozen on the inside of a plastic-coated pellet
smaller than a pinhead is bombarded by laser beams or X-rays, heating the fuel pellet
to a temperature of about 100 million ˚C and causing fission of the deuterium and
tritium nuclei. Each such event, literally a miniature thermonuclear explosion, can
release energy equivalent to the explosion of about 45 kg of TNT.

With both magnetic confinement and inertial confinement reactors, a central
challenge is in harnessing the energy once it is released. Much of the energy is in the
form of neutrons, which react with nuclei, such as those of iron and copper
composing the reactor structure, making it radioactive and causing metal
embrittlement, which would rapidly destroy the reactor. Most proposed power
reactors now call for a replaceable lining, probably composed of lithium, which would
absorb the neutrons and produce heat energy.

A great flurry of excitement over the possibility of a cheap, safe, simple fusion
power source was generated by an announcement from the University of Utah in
1989 of the attainment of “cold fusion” in the electrolysis of deuterium oxide (heavy
water). Funding was appropriated and laboratories around the world were thrown
into frenetic activity in an effort to duplicate the reported results. Some investigators
reported evidence, particularly the generation of anomalously large amounts of heat,
to support the idea of cold fusion, whereas others scoffed at the idea. Since that time
cold fusion has been disproven, and the whole saga of it, described in a detailed book
about the topic,6 stands as a classic case of science gone astray.

Controlled nuclear fusion processes could be designed to produce almost no
radioactive waste products. However, tritium used in the deuterium-tritium reaction is
very difficult to contain, and some release of the isotope would occur. The deuterium-
deuterium reaction promises an unlimited source of energy. Either of these reactions
would be preferable to fission in terms of environmental considerations. Therefore,

© 2000 CRC Press LLC



despite the possibility of insurmountable technical problems involved in harnessing
fusion energy, the promise of this abundant, relatively nonpolluting energy source
makes its pursuit well worth a massive effort.

18.17. GEOTHERMAL ENERGY

Underground heat in the form of steam, hot water, or hot rock used to produce
steam has been used as an energy resource for about a century. This energy was first
harnessed for the generation of electricity at Larderello, Italy, in 1904, and has since
been developed in Japan, Russia, New Zealand, the Phillipines, and at the Geysers in
northern California.

Underground dry steam is relatively rare, but is the most desirable from the
standpoint of power generation. More commonly, energy reaches the surface as
superheated water and steam. In some cases, the water is so pure that it can be used
for irrigation and livestock; in other cases, it is loaded with corrosive, scale-forming
salts. Utilization of the heat from contaminated geothermal water generally requires
that the water be reinjected into the hot formation after heat removal to prevent con-
tamination of surface water.

The utilization of hot rocks for energy requires fracturing of the hot formation,
followed by injection of water and withdrawal of steam. This technology is still in the
experimental state, but promises approximately ten times as much energy production
as steam and hot-water sources.

Land subsidence and seismic effects are environmental factors that may hinder
the development of geothermal power. However, this energy source holds consider-
able promise, and its development continues.

18.18. THE SUN:  AN IDEAL ENERGY SOURCE

Solar power is an ideal source of energy that is unlimited in supply, widely
available, and inexpensive. It does not add to the earth's total heat burden or produce
chemical air and water pollutants. On a global basis, utilization of only a small fraction
of solar energy reaching the earth could provide for all energy needs. In the United
States, for example, with conversion efficiencies ranging from 10-30%, it would only
require collectors ranging in area from one tenth down to one thirtieth that of the
state of Arizona to satisfy present U.S. energy needs. (This is still an enormous
amount of land, and there are economic and environmental problems related to the
use of even a fraction of this amount of land for solar energy collection. Certainly,
many residents of Arizona would not be pleased at having so much of the state
devoted to solar collectors, and some environmental groups would protest the
resultant shading of rattlesnake habitat.) 

Solar power cells (photovoltaic cells) for the direct conversion of sunlight to elec-
tricity have been developed and are widely used for energy in space vehicles. With
present technology, however, they remain too expensive for large-scale generation of
electricity, although the economic gap is narrowing. Most schemes for the utilization
of solar power depend upon the collection of thermal energy followed by conversion
to electrical energy. The simplest such approach involves focusing sunlight on a
steam-generating boiler (see Illustration 6 in Figure 18.5). Parabolic reflectors can be
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used to focus sunlight on pipes containing heat-transporting fluids. Selective coatings
on these pipes can be used so that most of the incident energy is absorbed.

The direct conversion of energy in sunlight to electricity is accomplished by
special solar voltaic cells. Such devices based on crystalline silicon have operated with
a 15% efficiency for experimental cells and 11-12% for commercial units, at a cost of
25-50 cents per kilowatt-hour (kWh), about 5 times the cost of conventionally
generated electricity. Part of the high cost results from the fact that the silicon used in
the cells must be cut as small wafers from silicon crystals for mounting on the cell
surfaces. Significant advances in costs and technology are being made with thin-film
photovoltaics, which use an amorphous silicon alloy. A new approach to the design
and construction of amorphous silicon film photovoltaic devices uses three layers of
amorphous silicon to absorb, successively,  short wavelength (“blue”), intermediate
wavelength (“green”), and long wavelength (“red”) light, as shown in Figure 18.11.
Thin-film solar panels constructed with this approach have achieved solar-to-electricity
energy conversion efficiencies just over 10%, lower than those using crystalline
silicon, but higher than other amorphous

Figure 18.11. High-efficiency thin-film solar photovoltaic cell using amorphous silicon.
 

film devices. The low cost and relatively high conversion efficiencies of these solar
panels should enable production of electricity at only about twice the cost of
conventional electrical power, which would be competitive in some situations

A major disadvantage of solar energy is its intermittent nature. However,
flexibility inherent in an electric power grid would enable it to accept up to 15% of its
total power input from solar energy units without special provision for energy
storage. Existing hydroelectric facilities may be used for pumped-water energy
storage in conjunction with solar electricity generation. Heat or cold can be stored in
water, in a latent form in water (ice) or eutectic salts, or in beds of rock. Enormous
amounts of heat can be stored in water as a supercritical fluid contained at high
temperatures and very high pressures deep underground. Mechanical energy can be
stored with compressed air or flywheels.

Hydrogen gas, H2, is an ideal chemical fuel that may serve as a storage medium
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for solar energy. Solar-generated electricity can be used to electrolyze water:

2H2O  +  electrical energy  →  2H2(g)  +  O2(g) (18.18.1)

The hydrogen fuel product, and even oxygen, can be piped some distance and the
hydrogen burned without pollution, or it may be used in a fuel cell (Illustration 5 in
Figure 18.5). This may, in fact, make possible a “hydrogen economy.” Disadvantages
of using hydrogen as a fuel include its low heating value per unit volume and the wide
range of explosive mixtures it forms with air. Although not yet economical,
photochemical processes can be used to split water to H2 and O2 that can be used to
power fuel cells.

No really insurmountable barriers exist to block the development of solar energy,
such as might be the case with fusion power. In fact, the installation of solar space and
water heaters became widespread in the late 1970s, and research on solar energy was
well supported in the U.S. until after 1980, when it became fashionable to believe that
free-market forces had solved the “energy crisis.” With the installation of more heat-
ing devices and the probable development of some cheap, direct solar electrical gener-
ating capacity, it is likely that during the coming century solar energy will be provid-
ing an appreciable percentage of energy needs in areas receiving abundant sunlight.

The Surprising Success of Wind Power

Wind power is mentioned here because it is an indirect form of solar energy.
During the 1990s, wind power emerged as a cost-competitive source of renewable
energy with a remarkably high growth rate. Denmark has led other countries in
establishing wind power as a significant fraction of its electrical generating capacity.
Even in the United States wind power is gaining popularity,7 and in 1999 the U. S.
set a goal of providing a significant fraction of its electricity from wind within the next
two decades. 

In October 1996, the largest wind farm established up to that time in Europe was
opened in Carno, Wales, by National Wind Power, Ltd. This was the 32nd wind farm
in Britain, which was already generating enough electricity from wind to power
150,000 homes. Producing 33.6 megawatts of power, the 3-bladed turbines used to
generate power at the Welsh facility are 56 meters in diameter and are mounted on
towers 64 m high.

Northern regions, including parts of Alaska, Canada, the Scandanavian countries,
and Russia often have consistently strong wind conditions conducive to the generation
of wind power. Isolation from other sources of energy makes wind power attractive
for many of these regions.8 Severe climate conditions in these regions pose special
challenges for wind generators. One problem can be the buildup of rime consisting of
ice condensed directly on structures from supercooled fog in air.9

18.19. ENERGY FROM BIOMASS

All fossil fuels originally came from photosynthetic processes. Photosynthesis does
hold some promise of producing combustible chemicals to be used for energy
production and could certainly produce all needed organic raw materials. It suffers
from the disadvantage of being a very inefficient means of solar energy collection (a

© 2000 CRC Press LLC



collection efficiency of only several hundredths of a percent by photosynthesis is
typical of most common plants). However, the overall energy conversion efficiency of
several plants, such as sugarcane, is around 0.6%. Furthermore, some plants, such as
Euphorbia lathyrus (gopher plant), a small bush growing wild in California, produce
hydrocarbon emulsions directly. The fruit of the Philippine plant, Pittsosporum
reiniferum, can be burned for illumination due to its high content of hydrocarbon
terpenes (see Section 12.2), primarily α-pinene and myrcene. Conversion of agri-
cultural plant residues to energy could be employed to provide some of the energy
required for agricultural production. Indeed, until about 80 years ago, virtually all of
the energy required in agriculture—hay and oats for horses, home-grown food for
laborers, and wood for home heating—originated from plant materials produced on
the land. (An interesting exercise is to calculate the number of horses required to
provide the energy used for transportation at the present time in the Los Angeles
basin. It can be shown that such a large number of horses would fill the entire basin
with manure at a rate of several feet per day.)

Annual world production of biomass is estimated at 146 billion metric tons,
mostly from uncontrolled plant growth. Many farm crops and trees can produce 10-
20 metric tons per acre per year of dry biomass, and some algae and grasses can
produce as much as 50 metric tons per acre per year. The heating value of this
biomass is 5000-8000 Btu/lb for a fuel having virtually no ash or sulfur (compare
heating values of various coals in Table 18.2). Current world demand for oil and gas
could be met with about 6% of the global production of biomass. Meeting U.S.
demands for oil and gas would require that about 6-8% of the land area of the
contiguous 48 states be cultivated intensively for biomass production. Another
advantage of this source of energy that is becoming increasingly important as more is
learned about potential greenhouse warming is that use of biomass for fuel would not
add any net carbon dioxide to the atmosphere.

As it has been throughout history, biomass is significant as heating fuel, and in
some parts of the world is the fuel most widely used for cooking. For example, as of
the early 1990s, about 15% of Finland’s energy needs were provided by wood and
wood products (including black liquor by-product from pulp and paper manufacture),
about 1/3 of which was from solid wood. Despite the charm of a wood fire and the
sometimes pleasant odor of wood smoke, air pollution from wood-burning stoves and
furnaces is a significant problem in some areas. Currently, wood provides about 8%
of world energy needs. This percentage could increase through the development of
“energy plantations” consisting of trees grown solely for their energy content.

Seed oils show promise as fuels, particularly for use in diesel engines. The most
common plants producing seed oils are sunflowers and peanuts. More exotic species
include the buffalo gourd, cucurbits, and Chinese tallow tree.

Biomass could be used to replace much of the 100 million metric tons of petrol-
eum and natural gas currently consumed in the manufacture of primary chemicals in
the world each year. Among the sources of biomass that could be used for chemical
production are grains and sugar crops (for ethanol manufacture), oilseeds, animal by-
products, manure, and sewage (the last two for methane generation). The biggest
potential source of chemicals is the lignocellulose making up the bulk of most plant
material. For example, both phenol and benzene might be produced directly from
lignin. Brazil has had a program for the production of chemicals from fermentation-
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produced ethanol.

Gasohol

A major option for converting photosynthetically produced biochemical energy to
forms suitable for internal combustion engines is the production of either methanol or
ethanol. Either can be used by itself as fuel in a suitably designed internal combustion
engine. More commonly, these alcohols are blended in proportions of up to 20% with
gasoline to give gasohol, a fuel that can be used in existing internal combustion
engines with little or no adjustment.

Gasohol boosts octane rating and reduces emissions of carbon monoxide. From a
resource viewpoint, because of its photosynthetic origin, alcohol may be considered a
renewable resource rather than a depletable fossil fuel. The manufacture of alcohol
can be accomplished by the fermentation of sugar obtained from the hydrolysis of
cellulose in wood wastes and crop wastes. Fermentation of these waste products
offers an excellent opportunity for recycling. Cellulose has significant potential for the
production of renewable fuels.

Ethanol is most commonly manufactured by fermentation of carbohydrates.
Brazil, a country rich in potential to produce biomass such as sugarcane, has been a
leader in the manufacture of ethanol for fuel uses, with 4 billion liters produced in
1982. At one time Brazil had over 450,000 automobiles that could run on pure
alcohol, although many of these were converted back to gasoline during the era of
relatively low petroleum prices since about 1980. Significant amounts of gasoline in
the United States are supplemented with ethanol, more as an octane-ratings booster
than as a fuel supplement.

Methanol, which can be blended with gasoline, can also be produced from bio-
mass by the destructive distillation of wood (Section 18.9) or by converting biomass,
such as wood, to CO and H2, and synthesizing methanol from these gases.

18.20. FUTURE ENERGY SOURCES

As discussed in this chapter, a number of options are available for the supply of
energy in the future. The major possibilities are summarized in Table 18.3.

18.21. EXTENDING RESOURCES THROUGH THE PRACTICE 
OF INDUSTRIAL ECOLOGY

A tremendous potential exists for applying the practice of industrial ecology to
lower the burden on virgin raw materials and sources of energy. As discussed in
Chapter 17, Section 17.8, these approaches include using less material (dematerial-
ization), substitution of a relatively more abundant and safe material for one that is
scarce and/or toxic, extracting useful materials from wastes (waste mining), and
recycling materials and items. Properly applied, these measures can not only conserve
increasingly scarce raw materials, but can increase wealth as it is conventionally
defined.10 Corresponding measures can also be applied to energy resources. In recent
decades energy conservation (“de-energization”); substitution of energy sources, such
as inexhaustible wind power for coal in the generation of electricity; and burning of
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municipal refuse to raise steam for electricity generation have reduced the need to
utilize diminishing fossil energy resources and to build new power plants.   

The greatest potential for extending material resources is by recycling through the
practice of industrial ecology. In a sense, too, energy resources can be recycled by
using otherwise waste materials to generate energy and by using heat that might
otherwise go to waste for beneficial purposes, such as heating buildings.

Materials vary in their amenability to recycling. Arguably the most recyclable
materials are metals in a relatively pure form. Such metals are readily melted and
recast into other useful components. Among the least recyclable materials are mixed
polymers or composites, the individual constituents of which cannot be readily
separated. The chemistry of some polymers is such that, once they are prepared from
monomers, they are not readily broken down again and reformed to a useful form.
This section briefly addresses the kinds of materials that are recycled or that are
candidates for recycling in a functional system of industrial ecology.

An important aspect of industrial ecology applied to recycling materials consists of
the separation processes that are employed to “unmix” materials for recycling at the
end of a product cycle. An example of this is the separation of graphite carbon fibers
from the epoxy resins used to bind them together in carbon fiber composites. The
chemical industry provides many examples where separations are required. For
example, the separation of toxic heavy metals from solutions or sludges can yield a
valuable metal product, leaving nontoxic water and other materials for safe disposal or
reuse.

Metals

Pure metals are easily recycled, and the greatest challenge is to separate the
metals into a pure state. The recycling process commonly involves reduction of metal
oxides to the metal. One of the more difficult problems with metals recycling is the
mixing of metals, such as occurs with metal alloys when a metal is plated

Table 18.3.  Possible Future Sources of Energy                                                                                                                       

Source Principles                                                                                                                       

Coal conversion Manufacture of gas, hydrocarbon liquids, alcohol, or solvent-
refined coal (SRC) from coal

Oil shale Retorting petroleum-like fuel from oil shale

Geothermal Utilization of underground heat

Gas-turbine Utilization of hot combustion gases in a turbine, followed by a
electric topping cycle involving steam generation

MHD Electricity generated by passing a hot gas plasma through a
magnetic field

Thermionics Electricity generated across a thermal gradient

Fuel cells Conversion of chemical to electrical energy
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Solar heating and Direct use of solar energy for heating and cooling through the  
cooling application of solar collectors

Solar cells Use of silicon semiconductor sheets for the direct generation of
electricity from sunlight

Solar thermal Conversion of solar energy to heat followed by conversion to
 electric electricity

Wind Conversion of wind energy to electricity

Ocean thermal Use of ocean thermal gradients to convert heat energy to 
electric   electricity

Nuclear fission Conversion of energy released from fission of heavy nuclei to
electricity

Breeder reactors Nuclear fission combined with conversion of nonfissionable
nuclei to fissionable nuclei

Nuclear fusion Conversion of energy released by the fusion of light nuclei to
electricity

Bottoming cycles Utilization of waste heat from power generation for various
purposes

Solid waste Combustion of trash to produce heat and electricity

Photosynthesis Use of plants for the conversion of solar energy to other forms by a
biomass intermediate

Hydrogen Generation of H2 by thermochemical or photochemical means for 
  use as an energy-transporting medium

                                                                                                                       

onto another metal, or with components made of two or more metals in which it is
hard to separate the metals. A common example of the complications from mixing
metals is the contamination of iron with copper from copper wiring or other
components made from copper. As an impurity, copper produces steel with inferior
mechanical characteristics. Another problem is the presence of toxic cadmium used as
plating on steel parts.

Recycling metals can take advantage of the technology developed over many
years of technology for the separation of metals that occur together in ores. Examples
of byproduct metals recovered during the refining of other metals are gallium from
aluminum; arsenic from lead or copper; precious metal iridium, osmium, palladium,
rhodium, and ruthenium from platinum; and cadmium, germanium, indium, and
thorium from zinc.

Plastics

Much attention has been given to the recycling of plastics in recent years.
Compared to metals, plastics are much less recyclable because recycling is technically
difficult and plastics are less valuable than metals. There are two general classes of
plastics, a fact that has a strong influence upon their recyclability. Thermoplastics are
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those that become fluid when heated and solid when cooled. Since they can be heated
and reformed multiple times, thermoplastics are generally amenable to recycling.
Recyclable thermoplastics include polyalkenes (low-density and high-density
polyethylene and polypropylene); polyvinylchloride (PVC), used in large quantities to
produce pipe, house siding, and other durable materials; polyethylene terephthalate;
and polystyrene. Plastic packaging materials are commonly made from thermoplastics
and are potentially recyclable. Fortunately, from the viewpoint of recycling,
thermoplastics make up most of the quantities of plastics used.

Thermosetting plastics are those that form molecular cross linkages between their
polymeric units when they are heated. These bonds set the shape of the plastic, which
does not melt when it is heated. Therefore, thermosetting plastics cannot be simply
remolded; they are not very amenable to recycling, and often burning them for their
heat content is about the only use to which they may be put. An important class of
thermosetting plastics consists of the epoxy resins, characterized by an oxygen atom
bonded between adjacent carbons (1,2-epoxide or oxirane). Epoxies are widely used
in composite materials combined with fibers of glass or graphite. Other thermosetting
plastics include cross-linked phenolic polymers, some kinds of polyesters, and
silicones. When recycling is contemplated, the best use for thermosetting plastics is for
the fabrication of entire components that can be recycled.

Contaminants are an important consideration in recycling plastics. A typical kind
of contaminant is paint used to color the plastic object. Adhesives and coatings of
various kinds may also act as contaminants. Such materials may weaken the recycled
material or decompose to produce gases when the plastic is heated for recycling.
Toxic cadmium used to enable polymerization of plastics, a “tramp element” in
recycling parlance, can hinder recycling of plastics and restrict the use of the recycled
products.
Lubricating Oil

Lubricating oils are used in vast quantities and are prime candidates for recycling.
The most simplistic means of recycling lubricating oil is to burn it, and large volumes
of oil are burned for fuel. This is a very low level of recycling and will not be
addressed further here.

For many years the main process for reclaiming waste lubricating oil used
treatment with sulfuric acid followed by clay. This process generated large quantities
of acid sludge and spent clay contaminated with oil. These undesirable byproducts
contributed substantial amounts of wastes to hazardous waste disposal sites. Current
state-of-the-art practicesof lubricating oil reclamation do  not utilize large quantities
of clay for cleanup, but instead use solvents, vacuum distillation, and catalytic
hydrofinishing to produce a usable material from spent lubricating oil.11 The first step
is dehydration to remove water and stripping to remove contaminant fuel (gasoline)
fractions. If solvent treatment is used, the oil is then extracted with a solvent, such as
isopropyl or butyl alcohols or methylethyl ketone. After treatment with a solvent, the
waste oil is commonly centrifuged to remove impurities that are not soluble in the
solvent. The solvent is then stripped from the oil. The next step is a vacuum
distillation that removes a light fraction useful for fuel and a heavy residue. The
lubricating oil can then be subjected to hydrofinishing over a catalyst to produce a
suitable lubricating oil product.

© 2000 CRC Press LLC



LITERATURE CITED  

1. Chapters 3–6 in Industrial Ecology:  Towards Closing the Materials Cycle,
Robert U. Ayres and Leslie W. Ayres, Edward Elgar, Cheltenham, U.K., 1996, pp.
32–96.

2. Carbon, Max W., Nuclear Power:  Villain or Victim? (Our Most Misunderstood
Source of  Electricity, Pebble Beach Publishers, Madison, WI, 1997

3. Collier, John G. and Geoffrey F. Hewitt, Introduction to Nuclear Power, 2nd ed.,
Taylor & Francis, Washington, D.C., 1997.

4. Ebel, Robert E., Chernobyl and its Aftermath:  A Chronology of Events,  Center
for Strategic & International Studies, Washington, DC, 1994.

5. “Reviving Quest to Tame Energy of the Stars,” New York Times , June 8, 1999,
pp. D1-D2.

6. Taubes, Gary, Bad Science:  The Short Life and Weird Times of Cold Fusion,
Random House, New York, 1993.

7. Giovando, CarolAnn, “Wind Energy Catches its ‘Second Wind’ in the US,”
Power,  142, 92-95 (1998).

8. Gaudiosi, Gaetano, “Wind Farms in Northern Climates,” Environmental
Engineering and Renewable Energy, Proceedings of the First International
Conference  (1998), Renato Gavasci and Sarantuyaa Zandaryaa, Eds., Elsevier
Science, Oxford, U.K., 1999, pp. 161-170.

9. W. J., Jasinski, S. C. Noe, M. S. Selig, and M. B. Bragg, “Wind Turbine
Performance under Icing Conditions,” Journal of Solar Energy Engineering,
120, 60-65 (1998).

10. von Weizsäcker, Ernst U., Amory B. Lovins, and L. Hunter Lovins, Factor
Four:  Doubling Wealth, Halving Resource Use, Earthscan, London, 1997.

11. McCabe, Mark M. and William Newton, “Waste Oil,” Section 4.1 in Standard
Handbook of Waste Treatment and Disposal, 2nd ed.,  Harry M. Freeman, Ed.,
McGraw-Hill, New York, 1998, pp. 4.3–4.13.

SUPPLEMENTARY REFERENCES

Anderson, Ewan W. and Liam D. Anderson, Strategic Minerals:  Resource
Geopolitics and Global Geo-economics, John Wiley & Sons, New York, 1998.

Aubrecht, Gordon J., Energy, 2nd ed., Prentice Hall, Upper Saddle River, NJ, 1995.

Auty, Richard M. and Raymond F. Mikesell, Sustainable Development in Mineral
Economies, Clarendon, Oxford, U. K., 1998.

Azcue, Jose M., Ed., Environmental Impacts of Mining Activities:  Emphasis on
Mitigation and Remedial Measures , Springer-Verlag, Berlin, 1999.

© 2000 CRC Press LLC



Bisio, Attilio, and Sharon R. Boots, Energy Technology and the Environment , John
Wiley and Sons, New York, 1995.

Cohn, Steven Mark, Too Cheap to Meter:  An Economic and Philosophical
Analysis of the Nuclear Dream, State University of New York Press, Albany, NY,
1997.

Daley, Michael J., Nuclear Power:  Promise or Peril?, Lerner Publications Co.,
Minneapolis, MN, 1997.

Featherstone, Jane, Energy, Raintree Steck-Vaughn, Austin, TX, 1999.

Gallios, G. P. and K.A. Matis, Eds., Mineral Processing and the Environment,
Kluwer Academic Publishers, Boston, 1998.

Giovando, CarolAnn, “Wind Energy Catches its ‘Second Wind’ in the U. S.,”
Power, 92-95, 142  (1998) .

Gipe, Paul, Wind Energy Basics:  A Guide to Small and Micro Wind Systems,
Chelsea Green Pub. Co., White River Junction, VT, 1999.

Graham, Ian, Nuclear Power, Raintree Steck-Vaughn Publishers, Austin, TX, 1999.

Hinrichs, Roger, Energy:  Its Use and the Environment, 2nd ed., Saunders College
Publishing, Ft. Worth, 1996.

Hudson, Travis, Environmental Research Needs of Metal Mining, Society for
Mining, Metallurgy, and Exploration, American Geological Institute, Littleton, CO,
1998.
Kursunoglu, Behram N., Stephan L. Mintz, and Arnold Perlmutter, Eds.,
Environment and Nuclear Energy, Plenum Press, New York, 1998.

Lee, Kai N., The Compass and Gyroscope:  Integrating Science and Politics for the
Environment, Island Press, Washington, D.C., 1993.

Liu, Paul I., Introduction to Energy and the Environment, Van Nostrand Reinhold,
New York, 1993.

Mineral Resource Surveys Program (U.S.), The National Mineral Resource Surveys
Program:  A Plan for Mineral-Resource and Mineral-Environmental Research for
National Land-Use, Environmental, and Mineral-Supply Decision Making, U.S.
Department of the  Interior, U. S. Geological Survey, Reston, VA, 1995.

Oxlade, Chris, Energy, Heinemann Library, Des Plaines, IL, 1999.

Papp, John F., Chromium Metal, U.S. Department of the Interior, U.S. Bureau of
Mines, Washington, D.C., 1995.

Paul E. Queneau International Symposium (1993:  Denver, CO), Extractive
Metallurgy of Copper, Nickel, and Cobalt:  Proceedings of the Paul E. Queneau
International Symposium, TMS, Warrendale, PA., 1993.

Power Surge:  Guide to the Coming Energy Revolution, Worldwatch Publications,
Washington, D.C., 1998.

Snedden, Robert, Energy, Heinemann Library, Des Plaines, IL, 1999.

© 2000 CRC Press LLC



Socolow, Robert H., Dennis Anderson, and John Harte, Eds., Annual Review of
Energy and Environment, Annual Reviews, Inc., Palo Alto, CA, 1997.

Steen, Athena Swentzell, The Straw Bale House, Chelsea Green Pulishing Co., White
River Junction, VT, 1994

United Nations Conference on Trade and Development, Handbook of World
Mineral Trade Statistics, 1991-1996, United Nations, New York, 1997.

Walker, Graham, The Stirling Alternative:  Power Systems, Refrigerants, and Heat
Pumps, Gordon and Breach Publishers, Langhorne, PA, 1994.

Walker, J. F. and N. Jenkins, Wind Energy, John Wiley & Sons, New York, 1997.

QUESTIONS AND PROBLEMS

1. What pollution control measures may produce a shortage of platinum metals?

2. List and discuss some of the major environmental concerns related to the min-
ing and utilization of metal ores.

3. What are the major phosphate minerals?

4. Arrange the following energy conversion processes in order from the least to the
most efficient:  (a) electric hot water heater, (b) photosynthesis, (c) solar cell, (d)
electric generator, (e) aircraft jet engine.

5. Considering the Carnot equation and common means for energy conversion,
what might be the role of improved materials (metal alloys, ceramics) in
increasing energy conversion efficiency?

6. Why is shale oil, a possible substitute for petroleum in some parts of the world,
considered to be a pyrolysis product?

7. List some coal ranks and describe what is meant by coal rank.

8. Why was it necessary to add hydrocarbons to gas produced by reacting steam
with hot carbon from coal in order to make a useful gas product?

9. What is the principle of the Exxon Donor Solvent process for producing liquid
hydrocarbons from coal?

10. As it is now used, what is the principle or basis for the production of energy from
uranium by nuclear fission? Is this process actually used for energy production?
What are some of its environmental disadvantages? What is one major advantage?

11. What would be at least two highly desirable features of nuclear fusion power if it
could ever be achieved in a controllable fashion on a large scale?

12. Justify describing the sun as “an ideal energy source.” What are two big disad-
vantages of solar energy?

13. What are some of the greater implications of the use of biomass for energy? How
might such widespread use affect greenhouse warming? How might it affect
agricultural production of food?

14. Describe how gasohol is related to energy from biomass.
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15. How does the trend toward utilization of less rich ores affect the environment?
What does it have to do with energy utilization?

16. Of the resources listed in this chapter, list and discuss those that are largely from
by-product sources.

17. Why is the total dollar value of “cheap” sand and gravel so high? What does this
fact imply for environmental protection?
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