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GLOSSARY

Dense media (or heavy liquids) Fluids used in dense-
medium separation of coal and gangue particles by
their relative densities. The medium can be any suitable
fluid, but in commercial coal preparation operations, it
is usually a suspension of fine magnetite in water.

Density (gravity) separation Separation methods based
on differences in density of separated minerals, such as
dense-medium separation and jigging.

Float-and-sink tests Tests carried out to determine coal
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washability, by which the coal is separated into various
density fractions.

Floatability Description of the behavior of coal particles
in froth flotation.

Hardgrove grindability index Measure of the ease by
which the size of a coal can be reduced. Values decrease
with increasing resistance to grinding.

Metallurgical coal Coal used in the manufacture of coke
for the steel industry.

Near-density material Percentage of material in the feed
within +0.1 density range from the separation density.
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Organic efficiency (recovery efficiency) Measure of
separating efficiency, calculated as

actual clean coal yield

1
theoretical dlean coal yigd < -0

with both yields at the same ash content.

Probable error E, (Ecart probable moyen) Measure
of separating efficiency of a separator (jig, cyclone,
etc.). Calculated from a Tromp curve.

RRB particle size distribution Particle size distribu-
tion developed by Rossin and Rammler and found by
Bennett to be useful in describing the particle size dis-
tribution of run-of-mine coal.

Separation cut point ds9 Density of particles report-
ing equally to floating and sinking fractions (heavy
media overflow and underflow in the dense media
cyclone). The J5p is aso referred to as partition
density.

Separation density s Actual density of the dense
medium.

Thermal coals Coals used as a fuel, mainly for power
generation. These are lower-rank coals (high volatile
bituminous, subbituminous, and liginites).

Tromp curve (partition curve, distribution curve)
Most widely used method of determining graphi-
caly the value of E, as a measure of separation
efficiency. Synonyms. partition curve, distribution
curve.

Washability curves Graphical presentation of the float-
sink test results. Two types of plotsarein use: Henry—
Reinhard washability curves and M-curves.

Washing of coal (cleaning, beneficiation) Term denot-
ing the most important coa preparation unit opera-
tion in which coal particles are separated from inor-
ganic gangue in the processes based on differencesin
density (gravity methods) or surface properties (flota-
tion). Cleaning then increases the heating val ue of raw
codl.

COAL PREPARATION isthestagein coal production—
preceding its end use as a fuel, reductant, or conver-
sion plant feed—at which the run-of-mine (ROM) codl,
consisting of particles, different in size and mineralogi-
cal composition, is made into a clean, graded, and con-
sistent product suitable for the market; coa prepara-
tion includes physical processes that upgrade the quality
of coa by regulating its size and reducing the content
of mineral matter (expressed as ash, sulfur, etc.). The
major unit operations are screening, cleaning (wash-
ing, beneficiation), crushing, and mechanical and thermal
dewatering.

Coal Preparation

. COAL CHARACTERISTICS RELATED
TO COAL PREPARATION

Coal, an organic sedimentary rock, contains combustible
organic matter in the form of macerals and inorganic mat-
ter mostly in the form of minerals.

Coal preparation upgradesraw coal by reducing itscon-
tent of impurities (the inorganic matter). The most com-
mon criterion of processing quality isthat of ash, whichis
not removed as such from coal during beneficiation pro-
cesses, but particles with a lower inorganic matter con-
tent are separated from those with a higher inorganic mat-
ter content. The constituents of ash do not occur as such
in coal but are formed as a result of chemical changes
that take place in mineral matter during the combustion
process. The ash is sometimes defined as al elements
in coal except carbon, hydrogen, nitrogen, oxygen, and
sulphur.

Cod is heterogeneous at a number of levels. At the
simplest level it is a mixture of organic and inorganic
phases, but because the mineral matter of coal originated
in the inorganic constituents of the precursor plant, from
other organic materials, and from the inorganic compo-
nents transported to the coal bed, its textures and libera-
tion characteristics differ. The levels of heterogeneity can
then be set out as follows (Table I):

1. Atthe seam level, alarge portion of mineral matter in
coa arises from the inclusion during mining of roof
or floor rock.

2. Attheply and lithotype level, the mineral matter may
occur as depositsin cracks and cleats or as veins.

3. At the maceralslevel, the mineral matter may be
present in the form of very finely disseminated
discrete mineral matter particles.

4. At the submicroscopic level, the mineral matter may
be present as strongly, chemically bonded elements.

Even in the ROM coal, alarge portion of both coa and
shaleis aready liberated to permit immediate concentra-
tion. This is so with heterogeneity level 1 and to some
extent with level 2; at heterogeneity level 3 only crushing
and very finegrinding can liberate mineral matter, whileat
level 4, which includes chemically bonded elements and
probably syngenetic mineral matter, separationispossible
only by chemical methods.

Recent findingsindicate that most of the mineral matter
in coal down to the micron particle-size range is indeed
a distinct separable phase that can be liberated by fine
crushing and grinding.

The terms extraneous mineral matter and inherent
mineral matter were usually used to describe an ash-
forming material, separable and nonseparable from coal
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TABLE | Coal Inorganic Impurities?
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Type Origin Examples Physical separation
Strongly chemically From coal-forming organic Organic sul phur, nitrogen No
bonded elements tissue material
Adsorbed and weakly Ash-forming components in pure water, Various salts Very limited
bonded groups adsorbed on the coal surface
Mineral matter Minerals washed or blown into the peat Clays, quartz Partly separable by physical methods
a. Epiclastic during its formation
b. Syngenetic Incorporated into coal from the very Pyrite, siderite, some clay Intimately intergrown with coal macerals
earliest peat-accumulation stage minerals
c. Epigenetic Stage subsequent to syngenetic; migration Carbonates, pyrite, kaolinite Vein type mineralization; epigenetic

of the minerals-forming solutions
through coal fractures

minerals concentrated along cleats,
preferentially exposed during breakage;
separable by physical methods

@ Adapted from Cook, A. C. (1981). Sep. Sci. Technol. 16(10), 1545.

by physical methods. Traditionally in coal preparation pro-
cesses, only the mineral matter at the first and, to some
extent, the second levels of heterogeneity was liberated,
the rest remained unliberated and, left with the cleaned
coal, contributed to the inherent mineral matter. Recent
very fine grinding, which also liberates the mineral mat-
ter at the third level of heterogeneity, has changed the old
meanings of the terms inherent and extraneous. The con-
tent of the “true” inherent part of ash-forming material
(i.e., the part left in coal after liberating and removing
the mineral matter at the first, second, and third levels of
heterogeneity) is usualy lessthan 1%.

In recent years, the emphasis in coal preparation has
been placed on reducing sulfur content of coal and on re-
covering the combustiblematerial. Sulfurin coal ispresent
in both organic and inorganic forms. The dominant form
of inorganic sulfur is pyrite, but marcasite has also been
reported in many coals. Pyrite occurs as discrete particles,
often of microscopic size. It comprises 30-70% of total
sulfur in most coals. Other forms of inorganic sulfur that
may be present are gypsum and iron sulfates. The sulfate
level infresh unoxidized coalsisgenerally lessthan 0.2%.

Organic sulfur in coal is believed to be contained in
groups such as

: COAL:COAL::

THIOPHENE
R—S—R’ R—SH R—SS—R’
ORGANIC MERCAPTAN ORGANIC
SULFIDE DISULFIDE

The organic sulfur content in coals range from 0.5 to
2.5% wiw.

Physical cleaning methods can remove inorganic sul-
fates (gypsum) and most of the coarse pyrite; the finely
disseminated microcrystalline pyrite and organic sulfur
are usually not separable by such processes. This means
that in the case of coal containing 70% of sulfur in pyritic
form and 30% as organic sulfur, the physical cleaning can
reduce the sulfur content by about 50%.

Il. BREAKING, CRUSHING,
AND GRINDING

The primary objectives of crushing coal are

1. Reduction of the top size of ROM coal to make it

suitable for the treatment process

liberation of coal from middlings, and

3. sizereduction of clean coal to meet market
specification.

N

Size reduction of coa plays a major role in enabling
ROM coa to be used to the fullest possible extent for
power generation, production of coke, and production of
synthetic fuels. ROM coal is the “as-received” coal from
the mining process. Because thetypes of mining processes
are varied, and size reduction actually begins at the face
in the mining operation, it is quite understandable that
the characteristics of the products from these various pro-
cesses differ widely. The type of mining process directly
affects the top size and particle size distribution of the
mine product.

During the beneficiation of coal, the problem of treating
middlings sometimes arises. This materia is not of suf-
ficient quality to be included with the high-quality clean
coal product, yet it contains potentially recoverable coal.
If thismaterial issimply recirculated through the cleaning
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circuit, little or no quality upgrading can be achieved. Lib-
eration can be accomplished if the nominal top size of the
material is reduced, which permits recovery of the coal
in the cleaning unit. Hammer mills, ring mills, impactors,
and roll crushersin open or closed circuits can be used to
reduce the top size of the middlings. Normally, reducing
the nominal top size to the range 20-6 mm is practiced.

Breaking isthe term applied to size operations on large
material (say +75 mm) and crushing to particle size re-
duction below 75 mm; the term grinding covers the size
reduction of material to bel ow about 6 mm. However, these
terms are loosely employed. A general term for all equip-
ment is size reduction equipment, and because the term
comminution means size reduction, another general term
for the equipment is comminution equipment.

A. Breaking and Crushing

Primary breakers that treat ROM coa are usualy rotary
breakers, jaw crushers, or roll crushers; some of these are
listed below.

RotaryBreakers(Fig. 1). Therotary breaker servestwo
functions—namely, reduction in top size of ROM and re-
jection of oversizerock. It isan autogenous size-reduction
device in which the feed material acts as crushing media.

Jaw Crusher. Thistype of primary crusher is usually
used for crushing shale to reduce it to a size suitable for
handling.

Roll Crusher. For a given reduction ratio, single-roll
crushers are capable of reducing ROM material to aprod-
uct with atop size in the range of 200-18 mm in asingle
pass, depending upon thetop size of thefeed coal. Double-
roll crushers consist of two rollsthat rotate in opposite di-

ROTATING DRUM
COVERED WITH
REPLACEABLE
SCREEN PLATES
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rections. Normally, oneroll is fixed while the other roll is
movabl e against spring pressure. This permitsthe passage
of tramp material without damage to the unit. The drive
units are normally eguipped with shear pins for overload
protection.

Hammer Mills. The swinging hammer mill (instead
of having teeth as on a single-roll crusher) has hammers
that are mounted on a rotating shaft so that they have a
swinging movement.

B. Grinding

The most common grindability index used in conjunction
with coa size reduction, the Hardgrove Grindability In-
dex, isdetermined by grinding 50 g of 16 x 30 mesh dried
coal in astandardized ball and race mill for 60 revolutions
at an upper grinding ring speed of 20 rpm. Thenthe sample
is removed and sieved at 200 mesh to determine W, the
amount of material passing through the 200 mesh sieve.
Theindex is calculated from the following formula:

HGI = 13.6 + 6.93W. (1)

From the above formula, it can be deduced that as
the resistance of the coal to grinding increases, the HGI
decreases. The HGI can be used to predict the particlesize
distribution, that is, the Rossin-Rammler—Bennett curve
[see Eq. (4)].

Thedistribution modulus (m) and the size modulus dg3 2
must be known to determine the size distribution of a
particular coal.

It has been shown that for Australian coals, the distri-
bution modulus can be calculated from the HGI by the
following equation:

ROTATING
LIFTING SHELVES
(LIFTERS)

FEED END
OF  BREAKER

REFUSE "PASSES
THROUGH DISCHARGE
END OF BREAKER

PRODUCT FROM BREAKER
PASSES THROUGH SCREEN

PLATES INTO COLLECTION HOPPER

FIGURE 1 Cutaway view of rotary breaker.
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HGI = 35.5m~ 1%, 2

The value of dg3» is afunction of the degree of break-
age that the coal has undergone during and after mining.
Having selected dg3 > and the value of m from the HGI,
one can predict the size distribution.

For the use of coal at power stations and for treatment
by some of the newer beneficiation techniques (e.g., for
coal/water dlurries), grinding is employed to further re-
duce the top size and produce material with a given par-
ticle size distribution. The principal equipment used for
cod grinding is the following:

air-swept ball mills,

roll or ball-and-race type mills,
air-swept hammer mills, and
wet overflow ball mills.

PODNPE

lll. COAL SCREENING

Sizing is one of the most important unit operationsin coal
preparation and is defined as the separation of a heteroge-
neous mixture of particle sizesinto fractionsin which all
particles range between a certain maximum and minimum
size. Screening operationsare performed for thefollowing
purposes:

1. Scalping off large run-of-mine coa for initia size
reduction

2. Sizing of raw coal for cleaning in different processes

3. Removal of magnetic (dense medium) from clean
coal and refuse

4. Dewatering

5. Separation of product coa into commercial sizes

The size of anirregular particle is defined as the smallest
aperture through which that particle will pass.

In a practical screening operation the feed material
forms a bed on the screen deck (Fig. 2) and is subjected
to mechanical agitation so that the particles repeatedly
approach the deck and are given the opportunity of passing

APERTURE——-l a |——

FIGURE 2 Four-mesh wire screen.
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FIGURE 3 Passage of a spherical particle through a square
aperature.

through. In the simplest case (Fig. 3), a spherical particle
of diameter d will only pass through if it does not touch
the sides of the aperture. The condition for passing is that
the center of the sphere falls within the inner square, side
a — d. Theprobahility P of passingisthusgiven by thera-
tio between the areas of theinner and outer squares, that is,

P=(a—d)*a’=(1-d/a)’. )

The assumption that passage will be achieved only
if there is no contact with the aperture sides is too re-
strictive. They can and do collide with the screen deck
while passing through. In particular, the following factors
contribute to the probability of passing:

Percentage open area
Particle shape

Angle of approach
Screen deck area

Bed motion

Size distribution of feed.

oushwbdPE

To select the correct screen for an applicationin acoal
preparation plant, a detailed knowledge of the size dis-
tribution of the feed is necessary. Size distributions are
usualy presented graphically, and it is useful to use a
straight-line plot, because curve fitting and subsequent
interpolation and extrapolation can be carried out with
greater confidence. In addition, if afunction can be found
that gives an acceptable straight-line graph, the function
itself or the parameter derived from it can be used to de-
scribe the size distribution. This facilitates data compari-
son, transfer, or storage, and also offers major advantages
in computer modeling or control. The particle size dis-
tribution used most commonly in coal preparation is the
Rossin-Rammler—Bennett,

F(d) = 100(1 — exp[(—d/de32)"]. 4)

where F(d) is the cumulative percent passing on size d,
ds3.2 is the size modulus (dgs 2 is that aperture through
which 63.2% of the sample would pass), and m is the
distribution modulus (the slope of the curve on the RRB
graph paper). A sample of theRRB plotisshowninFig. 4.

In Fig. 4 one can read off the slope m; the scale for
S-dg32 is aso provided. If dgs is the particle size (in
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FIGURE 4 Rossin—Rammler—Bennett net with additional scales. Specific surface S is in square meters per cubic

decimeter, dgz 2 in millimeters.

millimeters) belonging to F(d) = 63.2%, then the scales
furnish the specific surface Sin m?/dm?.

The types of screens used in coal preparation plants

generaly fall into the following categories:

1
2.

Fixed screens and grizzlies (for coarse coal).

Fixed sieves (for fine cod). These are used for
dewatering and/or size separation of slurried coa or
rejects. The sieve bend is the most commonly used in
coal preparation plants for this application (Fig. 5).
Shaking screens. These are normally operated by
camshafts with eccentric bearings. They can be
mounted horizontally or inclined, and operate at low
speeds with fairly long strokes (speeds up to 300 rpm
with strokes of 1-3in).

Vibrating screens. These are the most commonly used
screens in coal preparation and are to be found in
virtually all aspects of operations. A summary of their
application is shown in Table 1. A recent
development in vibrating screens has been the

introduction of very large screens (5.5 m wide, 6.4 m
long). Combined with large tonnage [1000 metric
tons per hour (tph) per screen], screens have been
developed (banana screens) with varying slope: first
section 34°, second section 24°, and third section 12°.

5. Resonance screens. These have been designed to save
energy consumption. The screen deck is mounted on
flexible hanger strips and attached to a balance frame,
which isthree or four times heavier than the screen
itself.

6. Electromechanical screens. Thistype of screen
operates with a high-frequency motion of very small
throw. The motion is usually caused by a moving
magnet which strikes a stop.

A. Recent Developments

A new process for the screening of raw coa of high
moisture content at fine sizes has been developed by the
National Coal Board. Their Rotating Probability Screen
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FIGURE 5 Sieve bend.

(Fig. 6) hasthe advantagethat the eff ective screening aper-
turecan be changed whilethescreenisrunning. Thescreen
“deck” ismadeup of small diameter stainlesssteel rodsra-
diating from acentral hub. The hub isrotated, and the coal
falls onto the rotating spokes. The undersize coal passes
through the spokes; the oversize coa is deflected over
them. The speed of rotation dictates the screening aper-
ture. Theability to screen coal with high levelsof moisture
hastaken precedence over the accuracy of size separation.
A screening operation by which the proportion of under-
flow product can be controlled while the machine is in
operation represents an important advancein the prepara-
tion of blended coals in treatment plants where the fines
are not cleaned.

IV. FLOAT-AND-SINK ANALYSIS

Most coal cleaning processes that are used to remove
inorganic impurities from coal are based on the gravity
separation of the coal from its associated gangue. ROM

coal consists of some proportion of both coal and shale
particles, aready sufficiently liberated, together with coal
particles with inclusions of gangue (i.e., bands of shale).
Commercialy cleaned coal contains only very dissemi-
nated impurities and has a density ranging from 1.2 to
1.6. Carbonaceous shale density ranges from 2.0 to 2.6,
and pure shale, clay, and sandstone have a density of
about 2.6. The density of pyrite is about 5.0. The dif-
ference in density between pure coa and theseimpurities,
in aliberated state, is sufficient to enable an almost com-
plete separation to be achieved fairly easily. However, it
has been shown that the inorganic impurity content, and
hence, the ash content, ranges from pure coal containing
only microscopic impurities to shale, which is entirely
free from carbonaceous matter. Generally speaking, the
mineral matter content of any coal particle is proportional
to its density and inversely proportional to its calorific
vaue.

For the prediction of concentration results (design of
flowsheet) and for the control of preparation plant opera-
tions, a measure of concentrating operations is needed.



86

TABLE Il Vibrating-Screen Applications in Coal Preparation Plants

Coal Preparation

Number Installation
Type of decks angle Aperture? Screen deck type Accessories
Run-of-mine scal per Single 17°-25° 6in. Manganese skid bars, Feed box with liners, extra high
AR perforated plate side plates, drive guard
with skid bars enclosures
Raw-coa sizing screen Double 17°-25° lin. AR steel perforated Dust enclosures,drive plate,
polyurethane, rubber guard enclosures
% in. Polyurethane, wire, 304 Feed box with liners
stainless steel profile
deck, rubber
Pre-wet screen Double Horizontal lin Wire, polyurethane, rubber Water spray bar, side plate
drip angles, drive guard
1mm Stainless steel profile deck, enclosures, feed box liners
polyurethane
Dense-medium drain and Double Horizontal lin. Wire, polyurethane, rubber Side plate drip angles, spray bars,
rinse screen (coarse coal) shower box cross flow screen
1mm 304 stainless steel profile or sieve bend, drip lip angles,
deck, polyurethane drive guard enclosures
Dewatering screen Single Horizontal 1mm 304 stainless steel profile Sieve bend or cross flow screen,
(coarse coal) deck, polyurethane dam, discharge drip lip angles,
drive guard enclosures
Desliming screen Single Horizontal 0.5mm 304 stainless steel profile Sieve bend or cross flow screen,
deck, polyurethane spray bars, shower box, drive
guard enclosures
Classifying screen Single 28° 100 mesh Stainless steel woven wire Three-way slurry distributor and
(fine coal) sandwich screens feel system
Dense-medium drain and Single Horizontal 0.5mm 304 stainless steel profile Sieve bend or cross flow screen,
rinse screen (fine coal) deck, polyurethane spray bars, shower box, drip lip
angles, drive guard enclosures
Dewatering screen (fine coal) Single Horizontal 0.5mm 304 stainless steel profile Sieve bend or cross flow screen,
or 27°-29° deck or woven wire, dam, drip lip angles, drive

rubber, polyurethane

guard enclosures

@ Typical application.

The best known means of investigating and predicting
theoretical beneficiation resultsarethe so-called washabil -
ity curves, which represent graphically the experimental
separation data obtained under ideal conditions in
so-called float-sink tests. Float-and-sink analysis is also
used to determine the Tromp curve, which measures the
practical results of a density separation. The practical re-
sults of separation can then be compared with the ideal
and ameasure of efficiency calculated.

The principle of float-sink testing procedure is as
follows: A weighed amount of a given size fraction is
gradually introduced into the heavy liquid of the lowest
density. Thefloating fraction isseparated from thefraction
that sinks. The procedure is repeated successively with
liquids extending over the desired range of densities. The
fraction that sinks in the liquid of highest density is also
obtained. The weight and ash contents of each density
fraction are determined.

In the example shown in Fig. 7, five heavy liquids with
densitiesfrom 1.3 to 1.8 are used. Theweight yields of six
density fractions are calculated (y1, y2, . - . , ¥s), and their
ash contents are determined (A1, Ao, ..., Ag). Theresults
are set out graphically in a series of curves referred to as
washability curves (Henry—Reinhard washability curves
or mean-value curve, M-curve, introduced by Mayer).

The construction of the primary washability curve
(Henry—Reinhard plot) isshownin Fig. 8. It isnoteworthy
that the area below the primary curve (shaded) represents
ash in the sample. The shaded area, changed into the rect-
angle of the same surface area, givesthe mean-ash content
in the sample (o = 16.44% in our example).

The shape of the primary curve reveal s the proportions
of raw coal within various limits of ash content and so
shows the proportions of free impurities and middlings
present. Because therelative ease or difficulty of cleaning
araw coal to give the theoretical yield and ash content
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FIGURE 6 Rotating probability screen.

depends on the proportion of middlings, the shape of the
primary curve also indicates whether the coal is easy or
difficult to clean.

The construction of the mean-value curve (M-curve),
also referred to as Mayer’s curve, isshownin Fig. 9. The
point where the curve intersects the abscissa gives the
average ash content of the raw coa («).

The shape of the primary washability curve and the
M-curveisan indication of the ease or difficulty of clean-
ing the coal. The more the shape approximates the |etter

Yir N Y21 \2 Y3r\3

L the easier the cleaning process will be. (Thisis further
illustrated in Fig. 10.)

Figure 10 shows four different cases. (a) ideal separa-
tion, (b) easy cleanability, (c) difficult cleanability, and
(d) separation impossible.

The primary washability curvefor the difficult-to-clean
coal (c) exhibits only agradual changein slope revealing
alarge proportion of middlings.

It can be seen from the example that the further the
M-curve is from the line connecting the zero yield point

VXDV Y51 A5 Yo' Ao

Sg16-18 S¢> 18
v Vi

FIGURE 7 Float-sink analysis procedure.
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FIGURE 8 Construction of the primary washability curve (Henry—Reinhard washability diagram).
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FIGURE 9 Construction of the M-value curve.
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FIGURE 10 Primary washability and M-value curves for (a) ideal separation, (b) easy-to-clean coal, (c) difficult-to-

clean coal, and (d) impossible separation.

with @ on the A axis, the greater the range of variation
of ash content in the coal. The more gradua change in
slope of an M-curve indicates more difficult washabhility
characteristics.

The washability curve can be used in conjunction with
the specific-gravity-yield curve (curve D) and the £0.1
near-density curve (curve E) as demonstrated in the ex-
ample givenin Table |1l and plotted in Fig. 11.

Curve A is the primary washability curve. Curve B is
the clean-coal curve and showsthetheoretical percent ash
of the clean-coal product at any given yield. Curve C (the
cumulative sink ash) shows the theoretical ash content of
therefuse at any yield. Curve D, plotted directly from the
cumulative percent yield of floats versus density, gives
the yield of floats at any separation density. Curve E, the
curve of near-density material, gives the amount of ma-

TABLE lll Set of Float-Sink Test Results

terial within 0.1 specific-gravity unit, and is used as an
indication of the difficulty of separation. The greater the
yield of the£0.1fraction, themoredifficult will bethesep-
aration at this separation density. For the example given,
the separation process, as indicated by the 0.1 density
curve, will be easier at higher densitiesthan at lower ones.

V. DENSE-MEDIUM SEPARATION

Theuseof liquidsof varying density in asimple float-sink
test leads to separation of the raw coal into different den-
sity fractions. In aheavy liquid (dense medium), particles
having a density lower than the liquid will float, and
those having a higher density will sink. The commercial
dense-media separation processisbased on the same prin-
ciple. Since the specific gravity of coa particles varies

+0.1 Specific gravity
_ Weight Cumulative Cumulative Sink o distribution

Specific Direct of ash weight floats weight Cumulative sinks Specific vidd
gravity Yield v Ash A of total of ash Yield Ash of ash Yield Ash gravity (%)
@em¥) () Wt.%)@ (%) B (%)@ (%) (5 %) (©) (B)(7) (#)(©®) (%)) (%)10) (gem’) (1) (12)
<13 46.0 27 124 1.24 46.0 27 15.2 54.0 16.44 — —
13-14 17.3 7.3 1.26 2.50 63.3 39 13.94 36.7 28.22 14 63.3
14-15 11.7 16.3 1.87 4.37 75.0 5.8 12.07 25.0 38.00 15 29.0

15-1.6 10.0 26.7 2.67 7.04 85.0 8.3 9.4 15.0 48.28 16 14.15
16-18 8.3 46.0 3.82 10.86 93.3 116 5.58 6.7 62.66 17 83

>18 6.7 83.3 5.58 16.44 100.0 16.44 — — 83.29 18 10.85

100.0 16.44
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FIGURE 11 Complete set of washability curves (for data given in Table Il1).

from about 1.2 g/lcm?® for low-ash particles to about 2.0
g/cm? for the high-ash particles, the liquids within this
range of density provide conditions sufficient for the
heavy-medium separation of coals.

Of thefour types of dense mediathat can be considered
in such a process—namely, organic liquids (carbon tetra-
chloride, bromoform), aqueous solutions (ZnCl,, CaCl,),
aqueous suspensions of high-density solids (ferrosilicon,
magnetite, barite, quartz sand), and air fluidized bed sus-
pension (sand)—the first two are used only in laboratory
washability studies, and only the third has found widein-
dustrial applications.

The main difference between the former two and the
latter two is stability: The first two are homogeneous lig-
uids, while the latter are composed of fine solid particles
suspended in water (or air), and as such are highly un-

TABLE IV Classification of Dense-Medium Separators?

stable. Magnetite has now become the standard industrial
dense medium.

To achieve densities in the range 1.5-1.9, the concen-
tration of magnetite in water must be relatively high.
At this level of concentration, the suspension exhibits
the characteristics of a non-Newtonian liquid, resulting
in a formidable task in characterizing its rheological
properties.

Theprinciplesof separationin densemediaaredepicted
in Fig. 12, which shows a rotating drum dense-medium
separator. The classification of static dense-medium
separators offered 40 years ago by T. Laskowski is re-
produced in Table V.

Theoretically, particles of any size can betreated in the
static dense-medium separators; but practically, the treat-
able sizesrange from afew millimetersto about 150 mm.

Static
Shallow Deep
Separation Separation Separation Hydraulic Separation M echanical
products products products removal of products removal of
Rotating-drum removal with removal by removal with Separation removal by Separation
separ ates paddles belt conveyor scraper chains products airlift products
Examples
Wemco Link belt; SKB-Teska;  Ridley-Sholesbath; ~ Tromp shallow; McNally static Wemco cong;  Chance; Barvoys;
drum Neldco (Nelson- Daniels bath Dutch State bath; Potasse Humboldt Tromp
Davis); Disa; Mines bath; d’Alsace

Norwalt; Drewboy

McNally Tromp

a After Laskowski, T. (1958). “Dense Medium Separation of Minerals,” Wyd. Gorn. Hutnicze, Katowice. Polish text.
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FIGURE 12 Principles of separation in dense media.

Since this process is unable to treat the full size range of
raw coal, it ismost important to remove the fines from the
feed, because their presencein the circuit can increase the
medium viscosity and increase the loss of media per ton
of treated coal. The loss of magnetite in the coarse-coal
cleaning isusually much below 1 kg/metric ton of washed
product.

Dense-media static separators have a capability of han-
dling high throughputs of up to 1000 metric ton/h.

Dynamic separators, which are the most efficient
devices for cleaning intermediate size coal (50 down
to 0.5 mm), include the dense-medium cyclone, two-
and three-product Dynawhirlpool separators, the Vorsyl
dense-medium separator, and the Swirl cyclone.

The most common are dense-medium cyclones (DMS)
(Fig. 13a). Because the raw coal and medium are intro-
duced tangentially into the cyclone, and the forces acting
on the particles are proportional to V2/r, where V is
the tangential velocity and r the radius of the cylindri-
cal section, the centrifugal acceleration is about 20 times
greater than the gravity acceleration acting upon particles
in the static dense-medium separator (thisaccel eration ap-
proaches 200 times greater than the gravity accel eration at
the cyclone apex). These large forces account for the high
throughputs of the cyclone and its ability to treat fine coal.

A DM S cyclone cut point dsq is greater than the density
of the medium and is closely related to the density of the
cyclone underflow. The size distribution of the magnetite
particles is very important for dense-medium cyclones,
and magnetite that is 90% below 325 mesh (45 pum) was

(a)
—
® (c)
- —
—

)
FIGURE 13 Cyclones in coal preparation (a) dense-medium

cyclone; (b) water-only cyclone; (c) water-compound cyclone
(Visman tricone).
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found to provide the best results. Even finer magnetite
(50% below 10 pm) was found to be essential for treat-
ing —0.5+ 0.075 mm coal. In treating such fine coal in
a DMS, which technically is quite possible, the main
problem that still awaits solving is medium recovery at
reasonable cost.

Innovative dynamic separators are now being intro-
duced that are able to treat the full size range (100~
0.5 mm) in a single separating vessel. The Larcodems
(LArge, COdl, DEnse, MEdium, SEparator) isbasicaly a
cylindrical chamber that is mounted at 30° to the hori-
zontal. Feed medium is introduced under pressure by an
involuteinlet at the bottom, and the raw coal enters sepa-
rately through an axial inlet at the top. Clean coal is dis-
charged through an axial inlet at the bottom end and reject
expelled from the top via an involute outlet connected to
avortextractor.

The Tri-flo separator is a large-diameter three-product
separator similar in operation to a Dyna Whirlpool.

A. Dense Media

Any suitable fluid can be used asadense medium, but only
fine solid particles in water suspensions have found wide
industrial applications. A good medium must be chemi-
cally inert, and must resist degradation by abrasion and
corrosion, have high inherent density, be easily recovered
from the separation products for reuse, and be cheap.

Thereis aclose relationship between the medium den-
sity and viscosity: the lower the medium density (i.e., the
solids content in suspension), the lower itsviscosity. This,
in turn, is related to medium stability (usually defined as
the reciprocal of the settling rate) through the size and
shape of solid particles: the finer the medium particles,
the lower the settling rate (hence, the greater stability),
but the higher the viscosity. Medium recovery iseasier for
coarser medium particles. Thus the medium density can-
not be changed without the viscosity and stability being
affected. For constant medium density, a higher specific
gravity solid used as the medium reduces solid concen-
tration in the dense medium and then reduces viscosity
and stability; both are also affected by the selection of a
spherical medium type (i.e., granulated ferrosilicon).

Thetermviscosity, asused above, isnot accurate. Dense
media at higher solid concentrations exhibit characteris-
tics of non-Newtonian liquids, namely, Bingham plastic
or pseudo-plastic behavior, as shown in Fig. 14.1

1The use of the modified rheoviscometer, which enables handling
of unstable mineral suspensions, has recently revealed that the Casson
Equation fits the flow curve for the magnetite suspension better than
the typically used Bingham plastic model [see the special issue of Coal
Preparation entirely devoted to magnetite dense media: [Coal Prepara-
tion (1990). 8(3-4).]
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FIGURE 14 Rheological curves for Newtonian and pseudo-
plastic liquids.

Asthe rheological curvesfor magnetite dense-medium
show, for such systemsthe shear stressis not proportional
to the shear rate; therefore, such systems are not charac-
terized by one simple value of viscosity, asin the case of
Newtonian liquids.

The plastic and pseudo-plastic systems are described
by the Bingham equation,

T = TB+77pID, (5)

and so both values 7o (zg) and 5y, which can be obtained
only from the full rheological curves, are needed to char-
acterize dense-medium viscosity.

Figure 15 showstheeffect of magnetite particlesizeand
concentration on the medium rheology. As seen, the finer
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FIGURE 15 Rheological curves for magnetite dense media. Solid
line, magnetite particle size 100% below 200 um; broken line,
magnetite size 100% below 10 um. [Adapted from Berghdfer, W.
(1959). Bergbauwissenschaften, 6(20), 493.]
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magnetite suspension exhibits much higher viscosity. It
is a'so seen that while magnetite dense-medium behaves
as a Newtonian liquid at magnetite concentration lower
than 15% by volume, it is clearly pseudoplastic at higher
concentrations.

In a heavy-medium separation process, coal particles
whose density is higher than the medium sink while the
lower-density coal particlesfloat; the separation efficiency
and the through put of the separation device depend on the
velocity of coal particlesinadense medium. Theviscosity
of amedium has little effect on the low-density coal par-
ticles or the high-density gangue particles, but becomes
critical in the separation of material of a density equal to
or near that of the medium; hence, a low viscosity must
be maintained to separate near-density material at a high
rate of feed.

The efficiency of separation (Ep) in dense-medium
baths was found to depend on the plastic viscosity of
the media, and a high yield stress (zp) of the medium
is claimed to cause elutriation of the finer particles into
the float as they (and near-density particles) are unable to
overcome the threshold shear stress required before the
movement takes place. When a particle is held in a sus-
pension, the yield stress is responsible for it; but when it
is moving, its velocity is a function of plastic viscosity.
It is understandable then that dispersing agents used to
decrease medium viscosity may improve separation effi-
ciency quite significantly. They may also decrease mag-
nitite loses.

As the research on coal/water slurries shows, the sus-
pension viscosity can also be reduced by close control of
the particle size distribution; bimode particle distributions
seem to be the most beneficial.

VI. SEPARATION IN A WATER MEDIUM

A. Jigs

Jigging is a process of particle stratification in which the
particlerearrangement resultsfrom an alternate expansion
and contraction of abed of particlesby pulsating fluid flow.
Thevertical direction of fluid flow isreversed periodically.
Jigging resultsinlayersof particlesarranged by increasing
density from the top to the bottom of the bed.

Pulsating water currents (i.e., both upward and down-
ward currents) lead to stratification of the particles. The
factorsthat affect the stratification are the following:

1. Differential Acceleration. When the water is at its
highest position, the discard particles will initialy fall
faster than the coal.

2. Hindered Settling. Becausethe particlesare crowded
together, they mutually interfere with one another’s
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settling rate. Some of the lighter particles will thus be
slowed by hindrance from other particles. This hindered
settling effectisan essential feature, inthat it hel psto make
separation faster; once the separation has been achieved,
it helpsto ensure that the material remains stratified.

3. Consolidation Trickling. Toward the end of the
downward stroke, the particles are so crowded together
that their free movement ceases, and the bed begins to
compact. The further settling of the particles that leads
to this compaction is referred to as consolidation. The
larger particles lock together first, then the smaller par-
ticles consolidate in the interstices. Therefore, the larger
particlesceaseto settlefirst, whilethesmaller particlescan
trickle through the interstices of the bed as consolidation
proceeds.

1. Discard Extraction Mechanism

The method of discard extraction variesin different types
of jig. Discard is discharged into the boot of the bucket
elevator, and the perforated buckets carry it farther out.
Some fine discard passes through the screen deck and is
transported to the boot by screw conveyor, but the major
portion is extracted over the screen plate. There are many
methods of automatic control of discard.

2. Baum Jig

Themost commonjigusedin coa preparationisthe Baum
jig, which consists of U-shaped cells (Fig. 16a). Onelimb

(a)

AR VALVE
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of the cell is open and contains the perforated deck; the
other terminatesin aclosed chamber, to and fromwhichair
isrepeatedly admitted and extracted by rotary valves cou-
pled to an air compressor. Particle separation is effected
on the perforated deck.

3. Batac Jigs

For many years, jig technology was largely unchanged
(i.e,, Baum type), except for advancesin the design of air
valvesand discard extraction mechanisms. A new concept,
the Batac jig, in which the air chamber is placed beneath
the screen plate, was devel oped initially in Japan and later
in Germany. The principal feature of the design (Fig. 16b)
is that instead of the box being U-shaped, the air cham-
bers are placed beneath the washbox screen plates. In this
way, the width of the jig can be greatly increased and its
performance improved by more equal jigging action over
the width of the bed.

Jigs traditionally treat coals in the size range 100-
0.6 mm; however, for optimum results, coarse and fine
coalsshould betreated in separatejigs. Fine-coal jigshave
their own “artificial” permanent bed, usually feldspar.

B. Concentrating Tables

A concentrating table (Fig. 17) consists of ariffled rubber
deck carried on a supporting mechanism, connected to a
head mechanism that impartsarapid reciprocating motion

AR
R
(b) RECEIVE

FIGURE 16 Comparison of (a) Baum and (b) Batac jigs. [After Williams, D. G. (1981). In “Coal Handbook” (Meyers,

R. A. ed.), p. 265, Marcel Dekker, New York.]

Type Baum jig Batac jig
Year introduced 1892 1965
Present width 21m 7.0m
Present area 8.5 m2 42.0 m2

Present capacity

450 metric tons/hr

730 metric ton/hr.
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FIGURE 17 Distribution of concentrating table products by par-
ticle size and specific gravity. ®, coal; ©, middling; O, refuse.

in a direction parallel to the riffler. The side slope of the
table can be adjusted. A cross flow of water (dressing
water) is provided by means of alaunder mounted along
the upper side of the deck. The feed enters just ahead of
the water supply and is fanned out over the table deck by
differential motion and gravitational flow. The particles
are stratified in layers by three forces:

1. Friction or adhesion between deck and particle
2. Pressure of the moving water
3. Differentia acceleration due to the table action.

Theclean coal overflowsthelower side of thetable, and
the discard is removed at the far end. The device cleans
efficiently over the size range 5-0.5 mm.

C. Water-Only Cyclones

The water-only cyclone (WOC) (first developed by the
Dutch State Mines) is a cylindro-conical unit with an in-
cluded apex angleupto 120° (Fig. 13b). Unlike the dense-
medium cyclone, it uses no medium other than water; for
this reason it is sometimes referred to as the autogenous
cyclone. Geometrically, the principal differencesfrom the
dense-medium cyclone are the greater apex angle and the
much longer vortex finder of the water-only cyclone.

The compound water cyclone (Visman Tricon)
(Fig. 13c) isavariation of the water-only cyclone. Itsdis-
tinguishing features are the three sections of the cone part
with different apex angles, the first being 135°, the second
75°, and the third 20°.

Water-only cyclones do not make a sharp separation,
but are commonly used as a preconcentrator or “rougher.”
Their efficiency can be increased by the addition of a sec-
ond stage. There is also a sizing effect with water-only
cyclones, and particles finer than 100 «m tend to report to
the overflow regardless of ash content or relative density.
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D. Spirals

Spiral separators have been used for many years, since
the introduction of the Humphrey unit. The early spirals
had simple profiles and were used in easy separations.
Later development of Reichert spirals, suitable for awide
variety of applications, increased the use of spirals.

The effective size range for coa spiral operation
(—3 mm +0.075 nm) coincideslargely with the sizesthat
lie between those most effectively treated by heavy-media
cyclones and those best treated by froth flotation. Thus,
the principal areas of application might be substitution for
water-only cyclones, for fine heavy-media cyclone sepa-
ration, and for coarse froth flotation.

The capacity of Reichert coa spirals is about 2 tph.
E, values for Reichert Mark 9 and Mark 10 spirals have
recently been reported in the range of 0.14-0.18, but they
were found to be much lower for the combined product
plus middlingsthan for the product alone. Reichert spirals
offer simple construction requiring little mai ntenance plus
low capital cost and low operating costs. Reichert-type
LD Mark 10 and Vickers spirals have recently been shown
to be ableto achievelower E, valuesfor thefiner fractions
(0.1 mm) but higher E; for the coarse fractions (1 mm)
than water-only cyclone. In general, the spiral is less
affected by a change in particle size than WOC, but most
importantly, the spiralstolerateincreasing amountsof clay
inthefeed with little or no changein separation efficiency,
in contrast to the WOC performance, which deteriorates
with increasing amounts of clays. This indicates that the
spira is less influenced by increase in viscosity and is
better suited for raw coals with significant proportions of
clays.

VII. FLOTATION

Typically, cod fines below 28 mesh (0.6 mm) are cleaned
by flotation. In some plantsthe coarser part of such afeed
[+2100 mesh (150 m)] istreated in water-only cyclones,
with only the very fine material going to flotation.

The coal flotation process is based on differences in
surface properties between hydrophobic low-ash coal
particles and hydrophilic high-ash gangue. Coals of dif-
ferent rank have various chemical composition and phys-
ical structure, and therefore their surface properties and
floatability change with coalification. While metalurgical
coals float easily and may require only afrother, flotation
of lower-rank subbituminous coal and lignites (aswell as
high-rank anthracites) may bevery difficult. In such apro-
cessone may need not only largeamountsof oily collector
but also athird reagent, the so-called promoter (Table V).
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TABLE V Coal Flotation Reagents?
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Type Examples

Remarks

Collectors Insoluble in water, oily hydrocarbons,

kerosene, fuel oil

Frothers Water-soluble surfactants; aliphatic
alcohols; MIBC
Promoters Emulsifiers

Depressants/dispersants Organic colloids: dextrin,

carboxymethyl cellulose, etc.

Inorganic salts NaCl, CaCl,, Nay SOy, etc.

Used in so-called emulsion flotation of coal, in which collector
droplets must attach to coal particles

To stabilize froth; adsorb at oil/water interface and onto coal;
have some collecting abilities

Facilitate emulsification of oily collector and the attachment of the
collector droplets to oxidized and/or low-rank coal particles

Adsorb onto coal and make it hydrophilic

Improve floatability; in so-called salt flotation process may be
used to float metallurgical coals, even without any organic
reagents; are coagulants in dewatering.

a Adapted from Klassen, V. I. (1963). “Coal Flotation,” Gogortiekhizdat, Moscow. (In Russian.)

The surface of coal is a hydrophobic matrix that con-
tains some polar groups as well as hydrophobic inorganic
impurities. Coal surface properties are determined by

The coal hydrocarbon skeleton (related to the rank)

. The active oxygen content (carboxylic and phenolic
groups)

3. Inorganic matter impurities

N =

Only the third term, the content of inorganic matter, is
related to coal density. Therefore, in general there is no re-
lationship between coal washability and coal floatability;
such arelationship can be observed only in some particular
cases.

Results obtained by various researchers agree that the
most hydrophobic are metallurgical, bituminous coals.
The contact angle versus volatile matter content curve,
which shows wettability as a function of the rank (Fig. 18),
is reproduced here after Klassen. As seen, lower-rank
coals are more hydrophilic, which correlates quite well
with oxygen content in coal, shown here after Thnatowicz
(Fig. 19). Comparison of Fig. 18 with Fig. 19 also indicates
that the more hydrophilic character of anthracites cannot
be explained on the same basis.
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FIGURE 18 Effect of the rank on coal wettability. [From Klassen,
V. 1. (1963). “Coal Flotation,” Gosgortiekhizdat, Moscow. (In
Russian).]
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Two types of reagents are traditionally used in the flota-
tion of coal:

Water-insoluble, oily hydrocarbons, as collectors
‘Water-soluble surfactants, as frothers

Insolubility of the collector in coal flotation requires
prior emulsification or long conditioning time. On the
other hand, the time of contact with the frother should
be as short as possible to avoid unnecessary adsorption of
frother by highly porous solids, such as coal.

In the flotation of coal, the frother (a surface-active
agent soluble in water) adsorbs not only at the water/gas
interface but also at the coal/water and the oil/water inter-
faces; it may facilitate, to some extent, the attachment of
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FIGURE 19 Oxygen functional groups in coals. (Large O stand
for oxygen.) [From Ihnatowicz, A. (1952). Bull. Central Research
Mining Institute, Katowice, No. 125. (In Polish).]
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FIGURE 20 Effect of surface-active agent (frother) on the flota-
tion of coal with water-insoluble oily collector. Curve 1 is for flota-
tion with kerosene; curve 2 for kerosene and n-octyl alcohol. [From
Melik-Gaykazian, V. I., Plaksin, I. N., and Voronchikhina, V. V.
(1967). Dokl. Akad. Nauk SSSR, 173, 883.]

oily dropletsto coal particles. Thiscanlead to asubstantial
improvement in flotation, as shown in Fig. 20.

In order to float oxidized and/or low-rank coals, new
reagents called promotors have recently been tested and
introduced into theindustry. These are emulsifying agents
that facilitate emulsification of the oily collector and the
attachment of oily dropletsto coal particles.

The reduction of sulfur is one of the principal benefits
of the froth flotation process. Of the two types of sulfur in
codl (i.e., inorganic and organic), only the inorganic sul-
fur (mainly represented by pyrite) can be separated from
coal by physical methods. Thefloatability of coal-pyriteis,
however, somewhat different from that of ore-pyrite, and
its separation from coal presents a difficult problem. The
research based on the behavior of ore-pyrite in the flota-
tion process—namely, its poor flotability under akaline
conditions—did not result in a development of a coal-
pyrite selective flotation process. The two-stage reverse
flotation process proved to be much more successful. In

-0.5mm FEED

REJECT
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this process, the first stage is conventional flotation with
the froth product comprising both coa and pyrite. This
product is reconditioned with dextrin, which depresses
coal in the second stage, and is followed by flotation of
pyrite with xanthates.

The fine-coal cleaning circuits in the newest plants
frequently comprise water-only cyclones and flotation
(Fig. 21). Such an arrangement is especially desirable in
cleaning high-sulfur coals, because the differencein spe-
cific gravity between coa particles (1.25-1.6) and pyrite
(5) is extremely large, and flotation does not discrimi-
nate well between coal and pyrite. Advantages of such
an arrangement are clearly seen in Table VI, quoted after
Miller, Podgursky, and Aikman.

VIIl. SEPARATION EFFICIENCY

Theyield and quality of the clean-coal product fromanin-
dustrial coal preparation plant and thetheoretical yield and
quality determined from washability curves are known to
be different. In the ideal cleaning process, all coal parti-
cleslower in density than the density of separation would
be recovered in the clean product, while al materia of
greater density would be rejected as refuse. Under these
conditions the product yield and quality from the actual
concentration process and the yield and quality expected
from the washability curves would be identical.

The performance of separatorsis, however, never ideal.
Asaresult, somecoal particlesof lower than the separation
density report to rejects, and some high-ash particles of
higher than the separation density report to clean coal.
These are referred to as misplaced material.

Coal particles of density well below the density of sep-
aration and mineral particles of density well above the
density of separation report to their proper products:
clean coa and refuse. But as the density of separation
is approached, the proportion of the misplaced material
reporting to an improper product increases rapidly.

Tromp, in a study of jig washing, observed that the
displacement of migrating particles was a normal or

——-—> CLEAN COAL

REJECT

CLEAN COAL

FIGURE 21 Fine-coal cleaning circuit.
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TABLE VI
Sulfur Removal?®
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Effectiveness of Hydrocycloning and Flotation in Ash and

Ash removal (%)

Sulfur removal (%)

Particle size, Flotation Flotation
mesh Hydrocyclone (singlestage) Hydrocyclone  (single stage)
28 x 100 60-65 50-60 70-80 50-60
100 x 200 40-45 40-45 60-70 30-40
200 x 325 15-18 40-45 35-40 25-30
325x 0 0-5 50-55 8-10 20-25

a After Miller, F. G., Podgursky, J. M., and Aikman, R. P. (1967). Trans. AIME 238,

276.

near-normal frequency (gaussian curve), and from thisob-
servation the partition curve (distribution, Tromp curve)
in the form of an ogive was evolved.

Thepartition curve, the solid linein Fig. 22a, illustrates
the ideal separation case (Ep =0), and the broken-line
curve represents the performance of atrue separating de-
vice. The shaded areas represent the misplaced material.
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FIGURE 22 (a) Partition curve plotted on linear graph paper and
(b) its anamorphosis plotted on a probability net.

The curves are plotted according to European convention
and represent the percent of feed reporting to reject. In
American practice, Tromp curves usually give the percent
of feed reporting to washed coal .

The Tromp curve from the mathematical point of view
is a cumulative distribution curve and as such can be
linearized on probability graph paper. Such anamorpho-
sisis produced by plotting the partition coefficients on a
probability scale versus specific gravity on alinear scale
(Fig. 22b) for dense-media separation, and versus log
(6 —1) forjigs.

To determine the partition curve for a cleaning opera-
tion, one needs the yield of clean coa from this opera-
tion and the results of float—sink tests for both products—
that is, for the clean coa and the refuse. Such data al-
low the reconstituted feed to be calculated, and from this
can be found the partition coefficients, which give the
percentage of each density fraction reporting to reject.
As seen in Fig. 22b, the particles with densities below
8s0 — 4E, and the particles of density above 50+ 4E,
report entirely to their proper products. The density frac-
tionswithin 5o = 4E,, are misplaced. Material of density
very close to 85 (near-density material) is misplaced the
most. As postulated by Tromp, 37.5% of fractions within
850—325 and §75—850 are misplaced (this corresponds to
850+ Ep), and this percentage falls off drastically with
the distance of the actual density fraction from the 859
density.

Figure 23 shows partition curves for the major U.S.
coal-cleaning devices. As seen, the sharpness of separa-
tion in dense-media separators is much better thanin jigs
or water-only hydrocyclones. Figure 24 shows E, val-
ues plotted versus the size of treated particles for various
cleaning devices. E, values for the dense-medium bath
and dense-medium cyclone are in the range of 0.02-0.04
for particles larger than 5 mm; E, values of jigs and con-
centrating tables are in the range of 0.08-0.15; and for
water-only cyclones, E, valuesexceed 0.2. Asseen, inall
cases the efficiency of separation as given by E, values
decreases sharply for finer particles.
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and Batac jigs,” U.S. Department of Energy, RI-PMTC-9(80).]

Another index developed to characterize the sharpness
of separation is the imperfection | .

| = Ep/850 (6)
for dense-medium separation, and
I = Ep/dso—1 )

for jigs.

According to some authors, | valuesvary from 0.07 for
dense-medium cyclones and 0.175 for jigs to above 0.2
for flotation machines.

Conventional float and sink methods for the derivation
of the partition curve are expensive and time-consuming.
In the diamond and iron ore industries, the density tracer
technique has been developed to evaluate the separation
efficiency. This technique has also been adopted for stud-
ies of coal separation.

The tracers, usualy plastic cubes prepared to known
specific gravities rendered identifiabl e through color cod-
ing, are introduced into a separating device, and on re-
covery from the product and reject streams, are sorted
into the appropriate specific gravity fractionsand counted.
This alows the points for the partition curve to be calcu-
lated. The technique, as described above, was adopted at
theJuliusKruttschnitt Mineral Research Centre, Brisbane,
whiletracersmadefrom plastic-metal compositesthat can
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be detected with metal detectors mounted over conveyer
belts, known asthe Sentrex system, were developed in the
United States.

IX. ANCILLARY OPERATIONS

There are many ancillary operations in coal preparation
that are similar to operations in the mineral processing
industry—namely

1. Mechanical dewatering
Vibrating basket centrifuges
Screen bowl centrifuges
Solid bow! centrifuges
Disk filters
. Drum filters
. Belt filters
. Plate and frame filter presses
h. Thickeners, conventional and high capacity

2. Thermal dewatering

a. Fluidized bed drying

b. Rotary dryers
. Stocking and blending systems
. Automatic product loadout systems
. Computer startup and process monitoring

Q@ ~0Qo0 T

g b~ w

X. COAL PREPARATION FLOWSHEETS

In ROM coal, a large portion of both coa and shale is
already liberated sufficiently to permit immediate con-
centration. Because dewatering of coarse coa is much
more efficient and cheaper than that of fines, and because
many users prefer larger size fractions for their particu-
lar processes, the preparation of feed before cleaning has
traditionally consisted of as little crushing as possible.
Therefore, coal preparation consistsmostly of gravity con-
centration and to some extent flotation, complemented by
screening and solid/liquid separation auxiliary processes.

The precrushing needed to reducethetop size of thema-
terial iswidely applied by means of rotary breakers. This
process, as aready pointed out, is based on the selective
breakage of fragile coal and hard inorganic rock, and com-
bines two operations: size reduction and preconcentration
(because it rejects larger pieces of hard rock). A further
development in coal preparation has been the application
of the three-product separators to treat coarse and inter-
mediate size fractions. The recrushed middlings produced
in such acleaning are reprocessed, together with the fine
part of the feed, increasing the total coal recovery.

Thiscomplete concentration sequenceistypical for pro-
cessing ametallurgical coal.
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Coal preparation plants are classified according to the
extent to which coal is cleaned, as follows (see Fig. 25).

Typel. Only thelarge size coal is reduced and screened
into various size fractions.

Typell. Theplant cleanscoarsecoa by gravity methods.
Theganguecontent incoal isreduced intheform of coarse
reject from the Bradford breaker and high-gravity rejects.
Theyield of saleable product is 75-85%.

Type 1. The plant cleans coarse and intermediate size
coal, leaving the fines untreated.

TypelV. These modern coal preparation plantsclean the
full size-range of raw coal.

Type V. The plant produces different saleable products
that vary in quality, including deep-cleaned coal that is
low in sulfur and ash.

Type VI. The plant incorporates fine grinding to achieve
a high degree of liberation, using froth flotation (oil ag-
glomeration) and water-only cyclones (or spirals).

Type VI represents a very important stage in the de-
velopment of coal preparation strategy. Types |-V areall
predominantly based on coarse coa cleaning, with the

amount of fines reduced to a minimum; but in the type VI
plant all coarse coal cleaning operationsareaimed at elim-
inating coarse hard gangue and constitute a pretreatment
stage, with the final cleaning following after fine crushing
and grinding. Thisfuture development in coal preparation
technology isaimed at cleaning and utilization of thermal
coal, and is mainly a result of the new environmental-
protection restrictions.

In the future, type VI coa preparation plants will be
combined with coal/water slurry technology, and such
slurries will to some extent replace liquid fuels.

XI. ON-LINE ANALYSIS

On-line measurements of parameters such as ash, mois-
ture, and sulfur use aninferential techniqueinwhich some
property can be measured that in turn rel ates to the param-
eter in the material.

Most on-line techniques use some form of elec-
tromagnetic radiation. When radiation passes through
matter, there is a loss of intensity by absorption and
scattering.
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FIGURE 25 Classification of coal preparation circuits.

A. Ash Analysis

Several devices irradiate the coal with y- or X-rays, and
the backscatter is measured. At relatively low energies
(<100 keV) the change in scattering coefficient with
atomic number more than offsets the change in mass ab-
sorption coefficient; thus the backscatter can be correlated

to mean atomic number and to the ash for a given coal.
The backscattered radiation intensity isafunction of both
bulk density and mean atomic number. Thus, instruments
using back scatter must be designed to ensure that a con-
sistently packed sample of coal is presented for analysis.
Some of the gauges using this principle are the Gunston
Sortex, the Berthold-Humbolt-Wedag, and the Wultex.
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When y radiation above energy levels of 1022 keV in-
teracts with matter, positron—electron pairs are generated.
The positron is rapidly annihilated by collision with an
electron and releases gamma rays, the intensity of which
is strongly dependent upon atomic number. The gauge
that usesthe pair production principleisthe COALSCAN
Model 4500, which uses Radium (226) emitting y radia-
tion at boththe 1760 and 2200 keV levels. Thedevicesthat
use absorption use alow energy level sourcethat is sensi-
tive to the mean atomic number (2) of the material. There
is an eightfold difference in the mass absorption coeffi-
cient between the organic portion of coal (Z = 6) and the
mineral matter (Z = 12). By comparing the differencesin
absorption between low and high energy beams, the mean
atomic number can be determined, and from this the ash
composition can be inferred. Thisis the underlying prin-
ciple behind such ash gauges as the COALSCAN Model
3500, the SAI 400, and the ASHSCAN dlurry gauge.

Another form of radiation used for coal analysisisneu-
tron activation. This method, known as Prompt Gamma
Neutron Activation Analysis (PGNAA), has the distinct
advantage of being able to conduct a complete elemental
analysis rather than just total ash. This method permits
the determination of the sulfur, carbon, and hydrogen
composition, which also permits the calculation of spe-
cific energy. Severa commercial PGNAA gauges are
available—SAl Models 100 and 200, MDH Motherwell,
and the Gamma Metrics.

The determination of ash in coal slurries uses the ba-
sic principle of measurement of those for solid coal. The
extra problem is that the entrained air could seriously af-
fect the accuracy of these devices. Various methods are
used to compensate for this, such as pressurizing the sys-
tem to collapse the air bubbles (ASHSCAN) or using a
neutron attenuation measurement to correct for possible
air entrainment (AMDEL).

B. Moisture Analysis

There are several methods of on-line moisture analysis:

1. Microwave attenuation/phase shift: Involves trans-
mitting a microwave beam through a given layer of coal
(conveyor belt). The maximum absorption of the energy
occurs at 20 GHz and the energy absorbed by the material
iscalibrated against moisture content. However, simpleat-
tenuation is found to be sensitive to other properties such
as particle size, bulk density, and salt content. To over-
come these problems, the phase shift of the microwave
energy is measured after passage through the sample or
the attenuation is measured at more than one frequency.

2. Capacitance measurements. Based on the princi-
ple that electrical conductivity of coal increases with the
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quantity of moisture. However, itisonly applicablefor the
measurement of surface moisture.

3. Nuclear magnetic resonance: This method measures
thehydrogeninthecoal, andisableto distinguish between
hydrogen in water and in hydrocarbons.

4. Neutron moisture gauges: Neutron transmission and
scatter methods can be used to measure total hydrogen
content, and assumes a constant hydrocarbon hydrogen.

C. Sulfur Analysis

ThePGNAA methodisgenerally used to measure elemen-
tal sulfur. Commercial gauges available are the MDH-
Motherwell ELAN, Science Application International-
Nucoalyzer, and the Gamma-Metrics.

Xll. RESEARCH INTO NEW
BENEFICIATION PROCESSES

A. Gravity
1. Otisca Process

The Otisca process is a waterless separation process em-
ploying CCl3F (with certain additives) as a heavy liquid.
In this process, raw coal with surface moisture up to 10%
is subjected to separation in a static bath. The medium
is recovered by evaporation from the separation products
and is recycled. The Otisca process plant is completely
enclosed, and the chemicals used are nonflammable, odor
free, and noncorrosive.

The E, calculated from the 8-hr plant tests for differ-
ent size feeds gave the results (shown in Table VII). As
seen, E valuesincrease for very fine material (28 x 100
mesh and 100 x 325 mesh) but are still better than for
many other methods. This indicates very favorable low-
viscosity conditionsin the process, which were confirmed
by rheological measurements. The favorable rheology of
the true organic heavy-liquid slurries has further been
confirmed in experiments on the use of Freon-113
(1,1,2-trichloro-1,2,2-trifluoro ethane) in dense-medium

TABLE VIl Ep Values for Otisca Process Calcu-
lated for Different Size Feeds?

Organic Probable  Specific
Compositefeed  efficiency %  error, Ep  gravity
3 x 3in. 100 0.008 148
% in. x 28 mesh 9 0.015 149
28 x 100 mesh % 0.175 157
100 x 325 mesh % 0.260 1.80
3 in. x 325 mesh % 0.023 149

a After Keller, D. V. (1982). In “Physical Cleaning of
Coal” (Liu, Y. A., ed.), p. 75, Marcel Dekker, New York.
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cyclones. The separation in cyclones, with use of
Freon-113 as a heavy medium, gave E,=0.009 for
28 mesh x 0 coal, E,=0.045 for 200 mesh x 0, and
Ep = 0.100 for 400 mesh x O coal.

B. Magnetic Separation

Thisprocessisbeing investigated in the separation of coal
and pyrite. The difference in magnetic susceptibility of
coal and pyriteisvery small; therefore, the most promis-
ing application is for high-gradient magnetic separators
(HGMS) or the pretreatment of coal, which could increase
the susceptibility of coal mineral matter.

Because pyrite liberation usually requires very fine
grinding (e.g., below 400 mesh), high-gradient magnetic
separation, the process developed to upgrade kaolin clays
by removing iron and titanium oxide impurities, seems
to be particularly suitable for coal desulfurization. Wet
magnetic separation processes offer better selectivity for
the fine dry coal that tends to form agglomerates. Exper-
iments on high-gradient wet magnetic separation have so
far indicated better sulfur rejection at fine grinding.

Perhaps the most interesting studies are on the effect of
coal pretreatment, which enhancesthemagnetic properties
of the mineral matter, on the subsequent magnetic sepa-
ration. It has, for example, been shown that microwave
treatment heats selectively pyrite particlesin coa without
loss of coal volatiles, and converts pyrite to pyrrhotite,
and as a result, facilitates the subsequent magnetic
separation.

In the Magnex process, crushed coal istreated with va-
pors of iron carbonyl [Fe(CO)s], followed by the removal
of pyrite and other high-ash impurities by dry magnetic
separation. Iron carbonyl in this process decomposes on
the surfaces of ash-forming minerals and forms strongly
magnetic iron coatings; the reaction with pyrite leads to
the formation of pyrrhotite-like material.

In 1970, Krukiewicz and Laskowski described a mag-
netizing alkali leaching process, whichwasapplied to con-
vert siderite particles into magnetic y-Fe,O3; and Fe3Oy.
A similar process has recently been tested for high-sulfur
coal, and it was reported that, after pretreatment of the
coal in 0.5-M NaOH at 85°C and 930 kPa (135 psi) air
pressure for 25 min, more than 50% of the coal sulfur
was rejected under the same conditionsin which the same
high-gradient magnetic separation had removed only 5%
sulfur without the pretreatment.

C. Processes Based on Surface Properties
1. Oil Agglomeration

Asin coal flotation, oil agglomeration takes advantage of
the difference between the surface properties of low-ash
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coal and high-ash gangue particles, and can copewith even
finer particlesthan flotation. In this process, coal particles
are agglomerated under conditions of intense agitation.
The following separation of the agglomerates from the
suspension of the hydrophilic gangue is carried out by
screening.

Themost important operating parametersinthisprocess
aretheamount of ail, intensity of agitation (agitation time
and agitation speed), and oil characteristics.

The amount of oil that is required is in the range of
5-10% by weight of solids. Published data indicate that
the importance of agitation time increases as oil density
and viscosity increase, and that the conditioning time re-
quired to form satisfactory coal agglomerates decreases
as the agitation is intensified. Because the agitation ini-
tially serves to disperse the bridging oil to contact the
oil droplets and coal particles, higher shear mixing with a
lower viscosity bridgingliquidisdesirableinthefirst stage
(microagglomeration), and less intense agitation with the
addition of higher viscosity oil (macroagglomeration) is
desirable in the second stage. Viscous oil may produce
larger agglomerates that retain less moisture. With larger
oil additions (20% by weight of solids), the moisture con-
tent of the agglomerated product can be well below 20%
and may be reduced even further if tumblingisused in the
second stage instead of agitation.

The National Research Council of Canada developed
the spherical agglomeration process in the 1960s. This
process takes place in two stages. First, the coa durry is
agitated with light oil in high shear blenders where mi-
croagglomerates are formed; then the microagglomerates
are subjected to dewatering on screen and additional pel-
letizing with heavy oil.

Shell developed a novel mixing device to condition
oil with suspension. Application of the Shell Pelletizing
Separator to coa cleaning yielded very hard, uniform in
size, and simple to dewater pellets at high coal recover-
ies. The German Qilfloc Process was developed to treat
the high-clay, —400-mesh fraction of coal, which is the
product of flotation feed desliming. In the process devel-
oped by the Central Fuel Research Institute of India, coal
slurry is treated with diesel oil (2% additions) in mills
and then agglomerated with 8-12% additions of heavy
oil.

It is known that low rank and/or oxidized coals are not
asuitable feedstock for beneficiation by the oil agglomer-
ation method. The research carried out at the Alberta Re-
search Council has shown, however, that bridging liquids,
comprising mainly bitumen and heavy refinery residues
are very efficient in agglomeration of thermal bituminous
coals. Similar resultshad earlier been reported intheflota-
tion of low rank coals; the process was much improved
when 20% of no. 6 heavy oil was added to 2 fuel oil.
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2. Otisca T-Process

This is another oil agglomeration process that can cope
with extremely fineparticles. Inthisprocess, fineraw coal,
crushed below 10 cm, is comminuted in hammer crushers
to below 250 nm and mixed with water to make a 50%
by weight suspension; thisisfurther ground below 15 um
and then diluted with water to 15% solids by weight. Such
a feed is agglomerated with the use of Freon-113, and
the coal agglomerates and dispersed mineral matter are
separated over screen. The separated coal-agglomerated
product retains 10-40% water and is subjected to thermal
drying; Freon-113, with its boiling point at 47°C, evap-
orates, and after condensing is returned liquified to the
circuit. The product coal may retain 50 ppm of Freon and
30-40% water.

Various coals cleaned in the Otisca T-Process contained
in most cases below 1% ash, with the carbonaceous ma-
terial recovery claimed to be amost 100%. Such a low
ash content in the product indicates that very fine grind-
ing liberates even micromineral matter (the third level of
heterogeneity); it also shows Freon-113 to be an excep-
tionally selective agglomerant.

3. Selective Agglomeration During Pipelining
of Slurries

In some countries, for example in Western Canada, the
major obstacles to the development of a coa mining in-
dustry are transportation and the beneficiation/utilization
of fines. Selective agglomeration during pipelining offers
an interesting solution in such cases. Since, according to
some assessments, pipelining istheleast expensive means
for coal transportation over long distances, this ingenious
invention combines cheap transportation with very effi-
cient beneficiation and dewatering. The Alberta Research
Council experiments showed that selective agglomeration
of coal can be accomplished in a pipeline operated un-
der certain conditions. Compared with conventional oil
agglomeration in stirred tanks, the long-distance pipeline
agglomeration yields a superior product in terms of wa-
ter and ail content as well as the mechanical properties
of the agglomerates. The agglomerated coal can be sep-
arated over a 0.7-mm screen from the slurry. The water
content in agglomerates was found to be 2-8% for met-
alurgical cods, 6-15% for thermal coals (high-volatile
bituminous Alberta), and 7-23% for subbituminous coal.
The ash content of the raw metalurgical coa was 18.9-
39.8%, and the ash content of agglomerateswas 8-15.4%.
For thermal coals the agglomeration reduced the ash con-
tent from 19.8-48.0 to 5-12.8%, which, of course, is ac-
companied by adrasticincreasein coal calorificvalue. Be-
sides transportation and beneficiation, the agglomeration
asofacilitates material handling; the experiments showed
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that the agglomerates can be pipelined over distances of
1000-2000 km.

4. Flotation

Flotation has progressed and developed over the years;
recent trends to achieve better liberation by fine grinding
haveintensified the searchfor moreadvanced meansof im-
proving selectivity. This involves not only more selective
flotation agents but also better flotation equipment. Since
the froth product in conventional flotation machines con-
tains entrained fine gangue, which is carried into the froth
with feed water, the use of froth spraying was suggested
in the late 1950s to eliminate this type of froth “contam-
ination.” The flotation column patented in Canada in the
early 1960s and marketed by the Column Flotation Com-
pany of Canada, Ltd., combinestheseideasin the form of
wash water supplied to thefroth. The countercurrent wash
water introduced at the top of along column prevents the
feed water and the slimes that it carries from entering an
upper layer of the froth, thus enhancing selectivity.

Of many variations of the second generation columns,
perhaps the best known is the Flotaire column marketed
by the Deister Concentrator Company.

The microbubble flotation column (Microcel) devel-
oped at Virginia Tech is based on the basic premise that
the rate (k) at which fine particles collide with bubbles
increases as the inverse cube of the bubble size (Dy), i.e.,
k~ 1/Dg. In the Microcel, small bubbles in the range of
100-500 pm are generated by pumping a slurry through
anin-line mixer whileintroducing air into the slurry at the
front end of themixer. Themicrobubblesgenerated assuch
are injected into the bottom of the column slightly above
the section from which the slurry iswith drawn for bubble
generation. The microbubbles rise along the height of the
column, pick up the coal particlesaong theway, and form
alayer of froth at the top section of the column. Like most
other columns, it utilizes wash water added to the froth
phase to remove the entrained ash-forming minerals. Ad-
vantages of the Microcel ™ are that the bubble generators
areexternal to the column, allowing for easy maintenance,
and that the bubble generators are nonplugging. An 8-ft
diameter column usesfour 4-in. in-line mixersto produce
5-6tons of clean coal from acyclone overflow containing
50% finer than 500 mesh.

Another interesting and quite different column was de-
veloped at Michigan Tech. It isreferred to as a static tube
flotation machine, and it incorporates a packed-bed col-
umn filled with a stack of corrugated plates. The packing
elements arranged in blocks positioned at right angles to
each other break bubblesinto small sizes and obviate the
need for asparger. Wash water descends through the same
flow passages as air (but countercurrently) and removes
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entrained particlesfrom thefroth product. It was shownin
boththelaboratory and the process demonstration unit that
this device handles extremely well fine below 500-mesh
meaterial.

The Jameson Column developed at the University of
Newcastle is considerably shorter, and its height may be
only dlightly greater than its diameter.

Another novel concept is the Air-Sparged Hydrocy-
clone developed at the University of Utah. In this device,
the durry fed tangentially through the cyclone header into
the porous cylinder to develop a swirl flow pattern inter-
sects with air sparged through the jacketed porous cylin-
der. The froth product is discharged through the overflow
stream.

D. Chemical Desulfurization

Chemical desulfurization has been investigated as a
method to sel ectively removeinorganic sulfur (which con-
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sists of pyritic sulfur with trace amounts of sulfate) and
organic sulfur without need to discard part of the coa rich
in sulfur and ash as with conventional coal preparation. If
this could be accomplished without loss of coal product
heat content, a clean burning coal alternative to flue gas
desulfurization would be at hand. Several methods have
been tested for the chemical removal of pyritic or organic
sulfur from coal. Treatment with aqueous sodium hydrox-
ide or agueous sodium hydroxide with added lime at tem-
peratures of 200-325°C and pressures up to 12500 psi
removes only 45-95% of the inorganic sulfur and none
of the organic sulfur, while significantly reducing the heat
content of the product coal due to hydrothermal oxida-
tion. Sulfur dioxide, potassium nitrate with complexing
agents, nitrogen dioxide, nitric acid, air oxidation with
and without the bacterium Thiobacillus ferrooxidans, hy-
drogen peroxide, chlorine, and organic solvents have all
been tested. In each case, there was only minimal sulfur
removal (based on sulfur content per unit heat content of
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product coal) and considerable loss of coal heat content
and/or dilution of the organic coal matrix by bonding with
reactant chlorine, nitrate, etc.

However, the use of aqueous ferric sulfate has proved
to be effective in selectively removing virtualy all of the
inorganic sulfur while the heat content increases in di-
rect proportion to the amount of iron pyrite removed.
The ferric sulfate sulfur removal technology, known as
the Meyers process, was developed through pilot plant
demonstration under the auspicies of the Environmen-
tal Protection Agency. Typically, 90-95% of the pyritic
sulfur was removed and the ferric salt was simultane-
oudly regenerated with air oxidation. Elemental sulfur is
produced as a byproduct, and must be extracted from
the coal by use of an organic solvent or steam distil-
lation. The process has not yet been utilized commer-
cially asremoval of pyritic sulfur alone (usually only half
of the total sulfur, the remainder being mainly organic
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sulfur) does not meet present air pollution control
standards.

Subsequently, simultaneous removal of organic sulfur
and pyritic sulfur was demonstrated in the laboratory and
then in a test plant utilizing molten sodium and potas-
sium hydroxide followed by a countercurrent water wash
to recover sodium, potassium, and about half of the origi-
nal coal mineral matter. A dilute sulfuric acid wash re-
moves the remainder of the coal mineral matter (ash).
This process, termed Molten-Caustic-Leaching, or the
Gravimelt Process, results in removal of 90-99% of the
coal inorganic and organic sulfur as well as 95-99% of
the coal mineral matter. The product coal meets all cur-
rent air pollution control standards for sulfur and ash
emissions, and has an increased heat content, usually in
the range of 14000 btu/lb. This coal is also very effi-
cient as a powdered activated carbon for water purifi-
cation. This is due to the high internal pore structure

FIGURE 27 Rotary kiln reactor in operation at Gravimelt Test Plant Facility. The reactor consists of a 12-ft long
furnace section, a 3-ft cooling zone, and a discharge area.
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introduced by removal of sulfur and ash. The coal also
functions as a cation exchange medium for water cleanup
due attachment of carboxy groups during the caustic
treatment.

A schematic of the Gravimelt Process is shown in
Fig. 26. Feed coal is premixed with anhydrous sodium
hydroxide or mixed sodium and potassium hydroxides,
and then fed to a rotary kiln reactor where the mixture
is heated to reaction temperatures of 325-415°C, caus-
ing the caustic to (1) melt and become sorbed in the coal
matrix, (2) react with the coal sulfur and mineral matter,
and (3) dissolve the reaction products containing sulfur
and inorganic components. The kiln reactor can be seen
in operation in Figure 27.

The reaction mixtureis cooled in the cooling section of
the kiln such that the mixture exits the rotary kiln in the
form of pelletsthat are then washed with water in aseven-
stage countercurrent separation system consisting of two
filters and five centrifuges. As an example, four weights
of wash water per weight of coal may be used, resulting
in a50% agueous reacted caustic solution exiting the first
stage of filtration. A large part of the coal-derived iron
and a small amount of sodium and/or potassium remain
with the coal cake exiting this countercurrent washing
system.

The coal cake is next washed to remove the residual
iron and caustic in acountercurrent three-stage centrifuge
system. Sulfuric acid is added to the first stage to produce
a pH of about 2 in order to dissolve the residual alkali
and iron hydroxide. Asan example, three wei ghts of wash
water per weight of coal may be used, resulting in an
acid extract leaving the first stage containing 5900 ppm
of mixed sodium and potassium sulfates and 12,500 ppm
of iron sulfate. The product coal exiting this acidwashing
system contains about one weight of sorbed water per
weight of coal.

All of theiron sulfate and amajor portion of the alkali
sulfates can be removed from the acid extract water by a
sequence of heating and lime treatment to form insoluble
minerals such as gypsum. This water can then be recy-
cled to the water wash train. Under some (very carefully
controlled) conditions, the precipitate formed can be a
jarosite-like double salt, which can be easily disposed of
or land-filled.

A newer process configuration, with potentially large
cost savingsto the process, wastested in which the effluent
from the acid wash train (without acid addition) was used
as the makeup wash water for the water wash train. This
configuration resulted in a product coal with low sulfur
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and moderate ash content suitable for those commercial
applications that do not require low ash coal.

The agueous caustic recovered from the first coun-
tercurrent washing circuit is limed to remove the coal-
derived mineral matter, sulfur compounds, and carbon-
ates. The mixture is provided with sufficient residence
timeto permit precipitation of the impurities before being
centrifuged. The purified liquid is preheated and sent to
a caustic evaporator where the water is recovered for re-
cycle to the first wash train, while producing anhydrous
caustic (as either amolten liquid or as flakes) for reusein
theinitial leaching of the coal.

SEE ALSO THE FOLLOWING ARTICLES

CoAL GEOLOGY e COAL STRUCTURE AND REACTIVITY
e FossIL FUEL POWER STATIONS, COAL UTILIZATION e
FROTH FLOTATION e FUELS e MINING ENGINEERING
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GLOSSARY

Anthracite Coals with less than ~10% volatile matter;
the highest coal rank.

Bituminous Coals that have between about 10 and
30% volatile matter and coals that agglomerate on
heating.

Diagenesis Initial biological decomposition of coal-
forming plant material.

Grade Suitability of acoal for a specific use.

Lignite Stage of codlification following peat; high-
oxygen, low-heating-value, young coals.

Lithotypes Macroscopic rock types occurring in coals,
usualy in banded structures.

Macerals Homogeneous microscopic constituents of
coals, analogous to minerals in inorganic rocks.

Metamorphism Chemical changes responsible for the
conversion of fossil plant materials to coal.

Rank Degree of maturation of acoal.
Type Originand composition of thecomponentsof acoal.

IN THE BROADEST TERMS, coal may be defined asa
naturally occurring, heterogeneous, sedimentary organic
rock formed by geological processes (temperature, pres-
sure, time) from partially decomposed plant matter under
first aerobic and then anaerobic conditionsin the presence
of water and consisting largely of carbonaceous material
and minor amounts of inorganic substances. The main use
for coal worlwide is combustion as a source of heat for
generating steam to make electricity. Coals used for this
purposearecalled steam coals. Certain other coalsare used
to producethe metallurgical cokerequired for makingiron
from iron ore. Coal can also serve as the raw material for
making clean, usable liquid fuels, such as gasoline, and
chemicals.
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TABLE | Worldwide Coal Deposits?

Estimated Proven
resources resources
Country (billions of tons)  (billions of tons)

Austraia 600 328
Canada 323 42
Federal Republic of Germany 247 344
India 81 12.4
People's Republic of China 1,438 98.9
Poland 139 59.6
South Africa 72 43
United Kingdom 190 45
United States of America 2,570 167
Russia 4,860 110
Other 229 55.7

10,749 663

aDatafromWilson, C. L. (1980). “ Coal—Bridgetothe Future, Report
of the World Coal Study,” p. 161, copyright Ballinger Publishing Co.,
Cambridge, MA.

I. INTRODUCTION

Coadl is perhaps the most abundant fossil fuel, and large
deposits are distributed worldwide. As with other natu-
ral resources, the amounts are estimated on two bases:
estimated resources and proven reserves. Estimated re-
sources are based on geological studies (e.g., seismic sur-
veys and exploratory drilling) and are the best estimate
of the amount of coal believed to be present in a given
area. Proven reserves are those amounts of coal known to
be economically recoverable by current technology in a
given area. Proven reserves represent a small fraction of
estimated resources. Table | containsresource and reserve
data for some of the major worldwide coal deposits ex-
pressedin billions of tons. It must be recognized that these
estimates vary from year to year, as do the methods for
obtaining the data. Therefore, the datain the table should
not be viewed as being absolute. According to these data,
~663 billion tons, or 6% of worldwide resources of over
10 trillion tons, are recoverable by current technology.
The worldwide reserves of coal have an energy content
equivalent to ~2 trillion barrels of petroleum.

Il. GEOLOGY: ORIGIN AND DEPOSITION

Coals may be viewed as fossilized plant matter. The pro-
cesses by which plant matter was converted to coal are
complex and involve at least three steps. accumulation,
diagenesis, and metamorphism. The starting material for
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coal was adiversity of plant typesand parts. For the plant
matter to accumulate, a specific set of conditions had to
prevail. The deposition rate of plant matter had to be ap-
proximately equal to the subsidence of the land on which
it grew. Furthermore, there had to be water present to
cover and partially preservethe plant matter. Initially, aer-
obic organisms began to decompose the cellulosic parts
of the plant, as well as proteinaceous and porphyrin ma-
terials. This biologica decomposition is called diagen-
esis. As the accumulated, partly decayed biomass was
buried deeper, aerobic activity ceased, and under the in-
creasing temperature and pressure conditions of burial it
was chemically transformed to coal. This chemical trans-
formation is called metamorphism. From the least serve
to the most severe conditions, the coals that resulted are
arranged as follows. peat — lignite — subbituminous —
bituminous — anthracite. Chemically, the transforma-
tionscan beviewed ascombinationsof deoxygenation, de-
hydrogenation, aromatization, and oligomerization. These
transformations are inferred from the elemental analyses
shown in Table Il. The datain thistable are typical; each
classincludes arange of values.

All coals contain minor amounts of inorganic material,
called mineral matter, ranging from about 2 to 30% and
averaging ~10% by weight. norganicswereincorporated
into coal as the inorganic matter present in the original
vegetation, mineral detritus deposited by water or wind
flowing through the decaying biomass (detrital), and by
precipitation or ion exchange of soluble ions from water
percolating through the coal bed during metamorphism
(authigenic). The former two are called syngenetic, the
latter epigenetic to differentiate the processes occurring
during diagenesis from those occurring during and after
metamorphism.

The major components of mineral matter include alu-
minosilicate clays, silica (quartz), carbonates (usually
of calcium, magnesium, or iron), and sulfides (usually
as pyrite and/or marcasite). Many other inorganics are
present, but only intrace quantitiesof the order of partsper
million.

TABLE Il Elemental Analysis Characterizing
Metamorphism as a Deoxygenation/Aromatization Process

Coal or
precursor Carbon (%) Hydrogen (%) Oxygen (%)
Wood 49.3 6.7 4.4
Peat 60.5 5.6 338
Lignite 69.8 4.7 255
Subbituminous 733 51 184
Bituminous 829 5.7 9.9
Anthracite 93.7 2.0 22
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It is important to differentiate between mineral mat-
ter and ash. The former consists of inorganics present
in the coal as mined; the latter is an oxide residue from
combustion.

lll. COAL CLASSIFICATIONS

The diverse nature of deposited plant and mineral matter
and the burial conditions make it clear that coal is not one
substance but a wide range of heterogeneous materials,
each with considerably different chemical and physical
properties from the others. The heterogeneity of coals can
be seen onthe macroscopic and microscopiclevels, andthe
science of classifying coalson thebasisof thesedifference
iscalled coal petrography.

On the macroscopic level, coals, particularly bitumi-
nous coals, appear to be layered or banded. These layers,
caled lithotypes, fall into four main classes: vitrain (co-
herent, black, and high gloss), clarain (layered, glossy),
durain (granular, dull sheen), and fusain (soft, friable,
charcoal-like).

On the microscopic level, the lithotypes just described
are seen to be composites made up of discrete entities
called macerals. Optically differentiated by microscopic
examination of coals under reflected light or by the study
of thin sections of coal using transmitted light (Fig. 1),
macerals are classified into three major groups: vitrinite,
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liptinite (oftentermed exinite), and inertinite. Thevitrinite
classappearsorange-redintransmitted light andisderived
from fossilized lignin. Liptinites appear yellow and are
the remains of spores, waxy exines of leaves, resin bodies,
and waxes. Inertinites appear black and are believed to be
the remnants of carbonized wood and unspecified detrital
matter. Chemically, the liptinites are richest in hydrogen,
followed by the vitrinites. Both theliptinites and vitrinites
are reactive and give off a significant amount of volatiles
when pyrolyzed, while the inertinites are relatively unre-
active. It is not possible to generalize with accuracy the
proportional maceral composition of all coals; however,
it isfair to say that most bituminous coals contain about
70% vitrinite, 20% liptinite, and 10% inertinite.

It is generally believed that maceral composition ul-
timately determines a coa’s reactivity in a particular
process. For example, coal sare blended together onacom-
mercial scale to make optimum feedstocks for metallur-
gical coke based largely on their maceral contents. In the
past, macerals were separated tediously by hand under a
microscope. Today, new techniques are available to sepa-
rate acoal into its component macerals much more easily,
and this has renewed interest in maceral characterization
and reactivity. It may even be possible one day to tailor
coal feedstocks for specific processes such as pyrolysis,
gasification, or liquefaction by separation and blending of
macerals.

«——— Vitrinite

FIGURE 1 Transmission photomicrograph of bituminous coal. (Courtesy of D. Brenner, Exxon Research and Engi-

neering Company.)
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Another method of classifying coalsis by the degree of
metamorphism they have undergone. Thisclassificationis
called rank—thehigher therank, themorematurethecoal.
Since metamorphism is a deoxygenation—aromatization
process, rank correlates generally with carbon content and
heat content of the coal, although there are many other,
more specific methods of determining rank. Lignites and
subbituminous coals are generally considered to be low
rank, whilebituminous coal sand anthracite are considered
to be high rank. The term “rank” must be distinguished
from type and grade. Type refersto a coal’s composition,
the origin of the organic portion, and its organic compo-
nents. Grade refers to the quality or suitability of a coal
for aparticular purpose. These distinctions are important
because coal propertiesare not solely attributableto meta-
morphic ateration; the nature of the source material and
itsdiagenetic alterations are also important in determining
coal properties.

In general, carbon content, aromaticity (i.e., the per-
centage of carbon that is aromatic), number and size of
condensed rings, and calorific content increase with in-
creasing rank, while volatile matter, oxygen content, oxi-
dizability, and solubility in aqueous caustic decrease with
increasing rank. Hardness and plastic properties increase
to a maximum, then decrease with increasing rank, while
porosity (i.e., moisture-holding capacity) and density de-
crease to a minimum, then increase with increasing rank.
Typical values are shown in Table I11. Within each rank
classification, arange of valuesisfound.

IV. PHYSICAL PROPERTIES

Physical properties are an important consideration in
all uses of coas. Most vary with rank and coal type. A
brief discussion of the most important physical properties
follows.

Coal Structure and Reactivity

A. Mechanical Properties
1. Elasticity

Because of the heterogeneous nature and the natural oc-
currence of cracks and pores, determining elastic mod-
uli is experimentally difficult. Under normal conditions,
coals are brittle solids. For bituminous coals, the elastic
properties are independent of rank and similar to those of
phenol—formaldehyde resins. At ~92% carbon, the mod-
uli increase rapidly and become anisotropic.

2. Hardness (Grindability)

Grindability is normally measured by determining the
number of revolutions in a pulverizer that are required
to achieve agiven size reduction. Thisis an indirect mea-
sureof theamount of work required for that size reduction.
Grindability increases slowly to amaximum at ~90% car-
bon and decreases rapidly beyond this point. Hardness is
ascertained by measuring the size of the indentation left
by a penetrator of specified shape pressed onto the coa
with a specified force for aspecified time. It changes only
dlightly between 70 and 90% carbon and increases rapidly
beyond 90% carbon.

3. Plastic Deformation

Coadls heated to above 400°C plastically deform, as do
those that have been swollen with pyridine and other sol-
vents that are good hydrogen bond acceptors. Very small
coal particlesflow and deform at room temperature under
very high stresses.

B. Thermal Properties

1. Heat of Combustion

Heat of combustion is normally measured calorimetri-
cally, but it can also becal culated with good accuracy from

TABLE Ill Properties of Coals of Different Rank

Property? Lignite Subbituminous Bituminous  Anthracite

Moisture capacity (wt%) 40 25 10 <5
Carbon (wt%), DMMF 69 75 83 94
Hydrogen (wt%), DMMF 5.0 51 55 3.0
Oxygen (wt%), DMMF 24 19 10 25
Volatile matter (wt%), DMMF 53 48 38 6
Aromatic carbon (moal fraction) 0.7 0.78 0.84 0.98
Density (helium) (g/cm®) 1.43 1.39 1.30 15
Grindability (Hardgrove) 48 51 61 40
Heat content (btu/Ib), DMMF 11.600 12.700 14.700 15.200

aDMMF: dry, minera-matter-free.
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the elemental composition of the coal. It isthe heat given
off when a given amount of coal is completely burned.

2. Specific Heat

The specific heat records the heat necessary to cause a
given temperaturerisein acoal. It isrank dependent, de-
creasing from ~0.35 cal/g at 50% carbonto ~0.23 cal/g at
90% carbon. Above90% carbon, it decreasesquiterapidly.

3. Thermal Conductivity

The capacity of a coal to conduct heat is strongly depen-
dent onthe porestructure and moisture content. It hasbeen
widely studied. When coal s soften thermally, between 400
and 600°C, thethermal conductivity increases asthepores
collapse.

C. Electrical Properties
1. Dielectric Constant

The didlectric constant is a sensitive function of the
amount of water present in a coal. Bituminous coals are
insulators with static dielectric constants between 3 and 5.
Above 88% carbon, the static diel ectric constant increases

very rapidly.

2. Electric Conductivity

The most interesting feature here is that anthracites are
natural semiconductors. Conductivity increases sharply
above 88% carbon, presumably duetoincreasing graphitic
character.

3. Magnetic Susceptibility

Coals contain numerous unshared electrons, of the order
of 10 spinsper gram. Thisgivesriseto the bulk property
called paramagnetic susceptibility, the magnitude of the
force exerted on asample in astrong magnetic field.

4. Reflectance

Coal samplesare often geologically characterized by very
accurate measurements of the reflectance of light from
their components. There is a vast literature dealing with
this empirical technique.

D. Density

The measurement of coal densities is complicated by the
presence of pores in coas. A number of techniques for
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dealing with this problem have been devel oped, and accu-
rate data are available for whole coal s and macerals. Den-
sity is rank dependent in a regular way. Vitrinite density
decreasesslowly from ~1.5 g/cm? at 50% carbontoamin-
imum of 1.27 at 88% carbon, then increasesrapidly, reach-
ing values as high as 1.6-1.8. Fusinites and micrinites are
more dense than vitrinites, while liptinites are less dense.
The density differences provide a good way of separating
macerals.

V. PHYSICAL STRUCTURE

Coalsarevery complex mixtures of several macromol ecu-
lar components and anumber of inorganic materials. This
fact makes the discussion of physical properties difficult.
Each individual component can be isolated and its prop-
erties determined, but will the property of the whole coal
be the sum or some weighted average of the individual
component properties? Perhaps the easiest approach is
the phenomenological one: simply to report the proper-
tiesmeasured for the whole coal whilerealizing that these
are the result of some complex addition of the proper-
ties of many different components. This approach is often
perfectly satisfactory. If the heat of combustion of a coal
is desired, it makes little difference what the individual
component contributions to that heat are. The approach
used herewill be phenomenological, but the reader should
know that this obscures the many differences among indi-
vidua components.

A. Pore Structure

Coals are highly porous materials, many having void vol-
umes as high as 20% of thier total volume. To describethe
pore structure we need to know the size distribution of the
pores, the size ranges of the pores, and the population of
each range. The shape of the poresisimportant, asisthe
total surface area of the coal.

A reagent coming in contact with acoal first encounters
its surface. Often, it reacts there. To understand reactivity
patterns, we need to know the surface area. Even if the
reagent must diffuse into the coal, the rate at which it
does thisis strongly influenced by the amount of surface
it contacts. Thesize and shape of the pores control whether
amolecule can enter and contact the surface and so are an
important part of any description of the pore network.

Most information about pores comes from adsorption
measurements. A sampleof coal that hasbeen evacuated to
clean its surfaceis exposed to vapors of agas (e.g., CO,),
which adsorb and cover the surface. By means of a very
sensitive balance, the amount of adsorption is measured
at severa pressures. Thus, the amount of gas required to
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FIGURE 2 Dependence of coal surface area for dry, ash-free (DAF) coal on coal rank and technique. [Reproduced
with permission from Gan, H., Nandi, S. P, and Walker, P. L. (1972). Fuel 51, 272.]

cover the surface is determined. The cross-sectional area
of the gas is known. This is the amount of surface that
each gas molecule will cover. From these two quantities,
the surface area can be calculated.

Figure 2 shows how the surface areas of coals vary
with carbon content. Carbon dioxide measures the entire
surfacearea, pore surfacesaswell asexterna surfaces. Ni-
trogen cannot penetrate the pores (it does not have enough
energy at theselow temperatures), and so only the external
surface areais measured. The surface areas are enormous,
demonstrating that the coals must be very porous.

The pore volume can be estimated from some elaborate
gas adsorption studies or measured directly. If the density
of coal particlesismeasured in avacuum and in agasthat
fills the pores, different values are obtained. Density is
mass over volume, and for both measurements the volume
isthe same. In one case (vaccum), the mass of the coal is
recorded. In the other case, the mass of the coal plus the
mass of the gas in the poresisrecorded. If the density of
the gas is known, the pore volumes are easily obtained.
Sometypical values are given in Table I V.

Ananalysisof theweight increase dueto gasadsorption
asthe pressure of the gasincreases can givethe size distri-
bution of the pores. At low pressures, pores of very small
sizefill by capillary condensation, while larger pores are
still only surface coated. The results of such an analysis
for aseries of coalsare given in Table |V. For bituminous
coalsand anthracites, most of the surfaceareaisdueto mi-
cropores, which also make the largest contribution to the
pore volume. Lignites have amuch more open pore struc-
ture, with the largest pores predominating. Penetration of

the pores by liquid mercury at high pressures can also pro-
videinformation about the size distribution of macropores
and some of the transitional pores. We shall return briefly
to pore structure later to discuss micropores as packing
imperfections between macromolecul es.

There remains only an analysis of pore shape. Thisis
sue has been probed mainly by looking at the dependence
of molecular absorption on the shape of the absorbed

TABLE IV lllustrative Gross Pore Distributions in Coal?
Pores
Pore volume
(total), Macro, Transitional, Micro,
4-30,000 A 300-30,000 A 12-300A 4-124
RankP (cm3/g) (cm3/g) (cm3/g) (cm3/g)
Anthracite 0.076 0.009 0.010 0.057
LV bituminous 0.052 0.014 0.000 0.038
MV bituminous 0.042 0.016 0.000 0.026
HVA bituminous 0.033 0.017 0.000 0.016
HVB bituminous 0.144 0.036 0.065 0.043
HV C bituminous 0.083 0.017 0.027 0.039
HV C bituminous 0.158 0.031 0.061 0.066
HVB bituminous 0.105 0.022 0.013 0.070
HV C bituminous 0.232 0.043 0.132 0.070
Lignite 0.114 0.088 0.004 0.022
0.105 0.062 0.000 0.043
0.073 0.064 0.000 0.009

aReproduced with permission from Gan, H., Nandi, S. P, and Walker,
P L. (1972). Fuel 51, 272.

b LV, Low volatile; MV, mediumvolatile; HVA, highvolatileA; HVB,
high volatile B; HVC, high volétile C.
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molecules. There are fewer data here than there are on
porevolume or surface area. Nevertheless, thereisgeneral
agreement that the pores are often dlits, oblate elipsoids,
that often have constricted necks.

Coals are penetrated by an extensive network of very
tiny pores and, because of this, have enormous surface ar-
eas. The smaller pores are about the same size as small
molecules, so coals are molecular sieves, capable of trap-
ping small moleculesin their pores while denying access
to larger molecules.

B. Macroscopic Structure

The best analogy for the macroscopic structure of coal isa
fruitcake. The dough correspondsto the principal maceral,
vitrinite, while the various goodies correspond to the dif-
ferent macerals spread throughout. The ground nuts play
theroleof the mineral matter. The composition of thefruit-
cakeisnot rank dependent, but rather isdueto the original
coal deposition and depositional environment. The mac-
erals become more like one another as rank increases, but
their proportions are not rank dependent. In fact, their rel-
ative proportions vary with both vertical and horizontal
positionsin acoal seam, with the vertical variation occur-
ing over amuch shorter distance scale.

To make our fruitcake amore accurate model, we must
alter it somewhat. Coals tend to have banded structures,
with macerals grouped in horizontal bands. A fruitcake
made by alazy cook who did not stir the batter throughly is
animproved model. The nutsmust also be ground to cover
an enormoussize range, from large chunksto micrometer-
size particles. Further more, they must stick to the cake.
Even extremely finegrinding in afluid energy mill will not
entirely separate the mineral matter from the organics. To
separate the macerals on the basis of their different densi-
ties, the mineral matter must first be dissolved in acid. We
know almost nothing about the binding forces or binding
mechanism between the mineral matter and the coal .

C. Extractable Material

Asmuch as25% of many coalsconsistsof small molecules
that will dissolvein afavorable solvent and can thereby be
removed from the insoluble portion. The amount of coal
that dissolves is a function of the nature of the coal, the
solvent used, and the extraction conditions. First, let us
consider the solubility of coalsin various solvents at their
boiling points at atmospheric pressure. Typical data are
contained in Table V.

Certain solvents stand out as being unusually effective,
pyridine and ethylenediamine being the most noteworthy.
They are not unique, however, and any solvent having a
Hildebrand solubility parameter of ~11 and the capacity
to serve as an effective hydrogen bond acceptor will be a
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TABLE V Yields of Coal Extracts in Solvents at
Their Boiling Points?

Yield of coal extract
(Wt% of dry,

Solvent ash-free coal)
n-Hexane 0.0
Water 0.0
Formamide 0.0
Acetonitrile 0.0
Nitromethane 0.0
|sopropanol 0.0
Acetic acid 0.9
Methanol 0.1
Benzene 0.1
Ethanol 0.2
Chloroform 0.35
Dioxane 13
Acetone 17
Tetrahydrofuran 8.0
Pyridine 125
Dimethyl sulfoxide 12.8
Dimethylformamide 15.2
Ethylenediamine 224
1-Methyl-2-pyrrolidone 35.0

aData from Marzec, A., Juzwa, M., Betlg, K., and
Sobkowiah, M. (1979). Fuel Proc. Technol. 2, 35, and
refer to aspecific coal; they areillustrative but not repre-
sentative.

good solvent. The dependence on coa rank of the amount
that can be extracted by pyridineis shown in Fig. 3. The
pyridine extract seems to resemble the parent coa quite
closely, and the structural characteristics of the insoluble
coal can be taken as present in the soluble portion, which
ismuch easier to analyze.

Other solvents generally dissolve less of the coal, with
solvents like toluene dissolving only a small percentage
and hexane being ineffective. Less material can be ex-
tracted from coals by chloroform than the portion of the
pyridine extract which is soluble in chloroform. If a coal
and thepyridineextract of acoal are extracted with chloro-
form, different amounts of material go into solution. The
greater percentage of the starting coal is dissolved by first
extracting with pyridine. Thiswill be explained in the next
section.

The solvent power of dense, supercritical fluidsisoften
greater than that of the corresponding liquid. Supercritical
organic fluids at temperatures above 350°C are often quite
good solventsfor coals, and, indeed, a conversion process
based on supercritical fluid extraction has received exten-
sive development in Britain. It seems probable that some
chemical decompositionisoccurring that leadsto the high
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FIGURE 3 Extraction yield in pyridine at 115°C vs rank.
[Reprinted with permission from Van Krevelen, D. W. (1981).
“Coal,” Elsevier, New York.]

extractabilities observed, often approaching 40% of the
coal when toluene is the solvent.

D. Macromolecular Nature of Coals

Coals are believed to be three-dimensionally cross-linked
macromolecular networks containing dissolved organic
material that can be removed by extraction. This model
offers the most detailed and complete explanation of the
chemical and mechanical behavior of coals. It isarela
tively recent model and is somewhat controversial at this
writing. The insoluble portion of the coal comprises the
cross-linked network, one extraordinarily large molecule
linked in a three-dimensional array. This network is held
together by covalent bonds and hydrogen bonds, the weak
interactions that play such alarge role in the association
of biological molecules. The extractable portion of the
coal is simply dissolved in this solid, insoluble frame-
work. A solvent like pyridine, which forms strong hydro-
gen bonds, breaks the weaker hydrogen bonds within the
coal structure. In the presence of pyridine, the network
is less tightly held together. Molecules not tied into the
network by covalent bonds can be removed. A solvent
like chloroform, which does not break hydrogen bondsin
coals, cannot extract al of the materia that is soluble in
it, because some of the soluble molecules are too large to
move through the network and be removed. They do come
out of the coal in pyridine, which expands the network.
Once removed from the network, they readily dissolvein
chloroform.

Coal Structure and Reactivity

The macromolecular structure controls many important
coal properties but has been relatively little studied. The
native coal is ahard, brittle, viscoelastic material. Thisis
because it is a highly cross-linked solid. The network is
heldtogether by both covalent bondsand alarge number of
hydrogen bonds, which tie otherwise independent parts of
the network together. The network is frozen in place and
is probably glassy. Diffusion rates are low because the
network cannot move to alow passage of the diffusing
molecule.

If the internal hydrogen bonds are destroyed, either by
chemical derivatization or by complexation with a solvent
that is a strong hydrogen bond acceptor, the properties of
coals change enormously. The network is now quite flex-
ible, and the codl is a rubbery solid, which is no longer
brittle. Diffusion rates are enormously enhanced. All me-
chanical properties have been altered. All of thisis due
to the freeing of those portions of the network that were
heldto oneanother by thehydrogen bonds. Thisgreatly in-
creased freedom of motion changesthe fundamental char-
acter of the solid.

VI. CHEMICAL STRUCTURE

Itisimpossible to represent accurately and usefully ama-
terial as complex as coal using classical chemical struc-
tures. A model large enough to show the distribution of the
very many structures present in a coal would be too large
and unwiedly to be useful. We shall discuss the occur-
rence of the various coal functional groupswhileignoring
their immediate environment. A phenolic hydroxyl will be
listed as a phenolic hydroxyl irrespective of whether it is
the only functional group on a benzene ring or whether it
shares an anthracene nucleus with several other hydroxy!
groups. Since the distribution of hydroxyl environments
is unknown, there is no aternative.

Theelementsof interest are, inincreasing order of struc-
tural importance, nitrogen, sulfur, oxygen, and carbon.
The chemistry of hydrogen, the remaining major compo-
nent, is governed by its position on one of these elements
and need not be discussed separately. Trace elementswill
beignored, and general mineral mater compositioniscov-
eredin Section I1.

A. Nitrogen

Nitrogen is a minor constituent of most coals, being less
than 2% by weight. Its principal importance isthat it may
lead to the formation of nitrogen oxides on combustion.
Its origin is believed to be amino acids and porphyrins
in the plant materials from which coals were derived. Re-
cently, X-ray methodshave been devel oped which allowed
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FIGURE 4 Organic nitrogen forms as a function of rank for Ar-
gonne Premium Coals. [Reprinted with permission from Kelemen,
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the accurate speciation and quantification of the forms of
organically bound nitrogen, including the basic pyridines
and quinolinesand theweakly acidic or neutral indolesand
carbazoles. X-ray photoel ectron spectroscopy (XPS) data
showing the quantitative distributions of nitrogen types
in a suite of well-preserved coals representative of many
ranks (Argonne Premium Coals) are shown in Fig. 4 asa
function of weight percent carbon. Pyrrolic nitrogen was
found to be the most abundant form of organically bound
nitrogen, followed by pyridinic, and then quaternary types.
Itisclear from Fig. 4 that the distributions are rank depen-
dent, with the highest abundance of quaternary nitrogen
in the lowest rank coals. The quaternary species are at-
tributed to protonated pyridinic or basic nitrogen species
associated with hydroxyl groups from carboxylic acids or
phenols. The concentrations of quaternary nitrogen de-
crease, while pyridinic or basic nitrogen forms appear
to increase correspondingly as a function of increasing
rank.

B. Sulfur

The presence of sulfur in coals has great economic conse-
guences. When coal is burned, the resulting SO, and SOs

115

must be removed from the stack gasses at great expense or
discharged to the atmosphere at great cost to the environ-
ment. The presence of sulfur in coals has been the driving
force for a great deal of research directed toward its re-
moval. Numerous processes for removing mineral matter
(including inorganic sulfur compounds) from coal are in
use, asare processesfor removing sulfur oxidesfrom stack
gasses. Much work has been done on chemical methods
for removing sulfur from coals before burning, but none
arein large-scale use.

The origin of sulfur in most coalsis believed to be sul-
fate ion, derived from seawater. During the earliest stages
of coal formation, bacterial decomposition of the coal-
forming plant deposits occurs. Some of these bacteriare-
duce sulfate to sulfide. Thisimmediately reacts with iron
to form pyrite, the principal inorganic form of sulfur in
coals. It is also incorporated into the organic portion of
the coal. The amount and form of sulfur in coals depend
much more on the coal’s depositional environment than
on its age or rank. In this sense, it is largely a coal-type
parameter, not arank parameter.

Coalscontain amixture of organic and inorganic sulfur.
The inorganic sulfur is chiefly pyrite (fool’s gold). Expo-
sure of coal seamsto air and water resultsin the oxidation
of the pyriteto sulfate and sulfuric acid, causing acid mine
drainage from open, wet coal seams. Much of the pyrite
can often be removed by grinding the coal and carrying
out a physical separation, usually based on the difference
in density between the organic portion of the coal and the
more dense mineral matter. Coal cleaning is quite com-
mon, is often economically beneficial, and is increasing.
The organic sulfur in coals, that is, the sulfur bonded to
carbon, is very difficult to remove. Although many pro-
cesses have been developed for this purpose, none has
been commercially successful.

In the last decade, major advances have been made in
speciating and quantifying forms of organically bound
sulfur in coalsinto aliphatic (i.e., dialkylsulfides) and aro-
matic (i.e., thiophenes and diarylsulfides) forms. Repre-
sentative results on a well-preserved suite of coals ob-
tained from XPS and two different sulfur K-edge X-ray
absorption near edge structure spectroscopy (S-XANES)
analysis methods are plotted together in Fig. 5. The ac-
curacy of the latter methods is reported to be 410 mol %.
InFig. 5, aromatic sulfur forms are plotted against weight
percent carbon. It is seen that in low-rank coals there are
relatively low levels of aromatic sulfur (i.e., significant
amounts of aiphatic sulfur) and that levels of aromatic
sulfur increase directly as a function of increasing rank.
The X-ray methods have been used to follow the chem-
istry of organically bound sulfur under mild oxidation in
air, where it was shown that the aiphatic sulfur oxidizes
in air much more rapidly than the aromatic sulfur, ex situ
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FIGURE 5 Aromatic sulfur forms as a function of rank for Argonne Premium Coals: A, ¥ XANES data; © XPS data.
[Reprinted with permission from Gorbaty, M. L. (1994). Fuel 73, 1819.]

and in situ pyrolysis, single electron transfer, and strong
base conditions.

C. Oxygen

Oxygen is amajor component of the plant materials that
form coals. The principal precursor of coals is proba
bly lignin, the structural material of plants. Most of the
cellulose and starch is probably destroyed in the earliest
stages of deposition and diagenesis, although a contro-
versy over this continues. The oxygen content of coals
decreases steadily asthe rank of the coalsincreases. Good
analytical techniques exist for the important oxygen func-
tional groups, so their populations as a function of rank
areknown (Fig. 6). The detailed chemistry of thelossand
transformationsof thesefunctional groupsremainslargely
unknown.

The carboxylate (—COOH) group is the major oxy-
gen functionality in lignites but is absent in many bitu-
minous coals. The mechanism for its rapid loss is un-
known. Its presence contributes much to the chemistry
of lignites and low-rank coals. It is a weak acid and in
many coals is present as the anion (—COO™~) complexed
with ametal ion. Low-rank coals are naturally occurring
ion-exchange resins. Certain lignites are respectable ura-
nium ores, having removed the uranium fromground water
flowing through the seam by ion exchange.

Lignites contain water and can be considered to be
hydrous gels. Removing the water causes irreversible
changes in their structure. The water is an integral part

of the native structure of the lignites, not just something
complexed to the surface or present in pores. The nature
of the water in the structure is unknown. Its presence is
undoubtedly dueto the presence of alarge number of polar
oxygen functional groupsin the coal.

Hydroxyl (—OH) is present in phenols or carboxylic
acids. It is present in al coals except anthracites. It is
dowly lost during the coalification process. The phenols
are much less acidic than the carboxylic acids and remain
un-ionized in native coals.
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FIGURE 6 Distribution of oxygen functionality in coals: DMMF,
dry, mineral-matter-free. [Reprinted with permission from White-
hurst, D. D., Mitchell, T. O., and Farcasiu, M. (1980). “Coal Lig-
uefaction: The Chemistry and Technology of thermal Processes,”
Academic Press, New York.]
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The methoxy! group (—OCH3) is a minor component
whose loss parallels that of carboxylate. The variety of
groups containing the carbonyl function (=C=0) com-
prise asmall portion of the oxygen.

In some ways, the ether functionality (—O—) is the
most interesting. Its loss during codlification is not con-
tinuous. The pathway by which it is created is unknown.
It isalso uncertain how much of the ether oxygen isbound
to aliphatic carbon and how much to aromatic carbon, but
techniques capabl e of providing an answer to thisquestion
have just arrived on the scene.

D. Carbon

Therearetwo principal typesof carbonin coals:. aiphatic,
the same type of carbon that isfound in kerosene and that
predominatesin petroleum, and aromatic, the kind of car-
bon found in graphite. Many techniques have been used to
estimate the rel ative amounts of the two typesof carbonin
coals, but only recently has the direct measurement of the
two been possible. Their variation with rank isillustrated
inFig. 7.

The carbon in coals is predominantly aromatic and is
found in aromatic ring structures, examples of which are
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FIGURE 7 Plot of fraction of aromatic carbon (fa) vs percent
carbon for 63 coals and coal macerals. [Reprinted with permission
from Wilson, M. A., Pugmire. R. J., Karas, J., Alemany, L. B,
Wolfenden, W. R., Grant, D. M., and Given, P. H. (1984). Anal.
Chem. 56, 933.]
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given below. It is very desirable to know the frequency
of the occurrence of these ring systems in coals, and
many techniques have been applied to this problem. Most
of the techniques involve rather vigorous degradation
chemistry, advanced instrumental techniques, and many
assumptions.

The distribution of aromatic ring systems in coals has
been estimated for the same Argonne Premium Coal sam-
ples discussed previously, based on *C NMR experi-
ments, and these data, expressed as humber of aromatic
carbons per cluster (error ~ +3), are shown in Fig. 8. For
samples in this suite varying from lignite to low volatile
bituminous, the results show that the average number of
aromatic carbons per ring cluster ranged from between 9
(lignite) and 20 carbons (Ivb), with most subbituminous
and bituminous coals of this suite containing 14. Thisin-
dicates an average size of 23 rings per cluster for most
of these coals, with the lignite having perhaps an average
of 1-2 and the highest rank coal having 3-4.

Our knowledge of the diphatic structures in coals is
currently inadequate. In many low-rank coas, there is a
significant amount of long-chain aliphatic material. There
is adebate asto whether this material is bound to the coal
macromolecular structure or whether it is simply tangled
up with it and thus trapped.

Much of the aiphatic carbon is present in ring systems
adjacent to aromatic rings. Some is bonded to oxygen and
in short chains of —CH,— groups linking together aro-
matic ring systems. No accurate distribution of aliphatic
carbon for any coal is known.

E. Maceral Chemical Structure

Therearefour principal maceral groups. Thevitrinite mac-
erals are most important in North American coals, com-
prising 50-90% of the organic material. They are derived
primarily fromwoody plant tissue. Sincethey arethe prin-
cipal component of most coals, vitrinitemaceral chemistry
usually dominates the chemistry of the whole coal. Iner-
tinite maceral family members comprise between 5 and
40% of North American coals. These materials are not at
al chemically inert, asthe nameimplies. They are usually
less reactive than the other macerals, but their chemical
reactivity can still be quite high. They are thought to be
derived from degraded woody tissue. One member of this
family, fusinite, looks like charcoal and may be the result
of ancient fires at the time of the origina deposition of
the plant material. The liptinite maceral group makes up
5-20% of the coalsin question. Its origin is plant resins,
spores, and pollens, resinous and waxy materialsthat give
rise to maceralsrich in hydrogen and aliphatic structures.
Terpenes and plant lipid resins give rise to the varied
group of resinite macerals. From some unusua western
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U.S. coals, resinites have been isolated and commercially
marketed.

The rank dependence of the elemental composition of
the maceral groupsis shownin Fig. 9. The inertinites are
the most aromatic, followed by the vitrinites and then the
liptinites. Their oxygen contents decrease in the order vit-

T
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FIGURE 9 Elemental composition of the three main maceral
groups. [Reprinted with permission from Winans, R. E., and
Crelling, J. C. (1984). “Chemistry and characterization of coal
macerals.” ACS Symp. Ser. 252, 1.]

rinite > liptinite > inertinite. It is probably impossible to
come up with a universally accurate reactivity scale for
these materials. The conditions and structures vary too
widely. Reactivity refers to the capacity of a substance
to undergo a chemical reaction and usually refers to the
speed with which the reaction occurs. The faster the reac-
tion, the greater isthereactivity. Thereactivity of different
compounds changes with the chemical reaction occurring
and thus must be defined with respect to a given reaction
or arelated set of reactions. The reactivity of macerals
as substrates for direct liquefaction and their reactivity as
hydrogen donors are parallel and in the order liptinite >
vitrinite > inertinite > resinite. The solubility of the
resinites is generally high, so their low reactivity makes
little difference for most coal processing.

F. Structure Models

A number of individuals have used the structural infor-
mation available to create representative coal structures.
All these representati ons contain the groups thought to oc-
cur most frequently in coals of the rank and composition
portrayed. Formulating any such structure necessarily in-
volves making many guesses. Taken in the proper spirit,
they are useful for predicting sometypes of chemistry and
are a gauge of current knowledge. One such structure is
showninFig. 10. It istypical of recent structure proposals
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FIGURE 10 Molecular structure for a bituminous coal. [Reprinted
with permission from Shinn, J. (1984). Fuel 63, 1284.]

for bituminous coals. These structures must be used cau-
tiously. They are meant to be representative; they are not
complete structures containing all groupsactually present.

Vil. COAL CHEMISTRY

The basic chemical problemin coal conversion to gaseous
or liquid products can be viewed as management of the
hydrogen-to-carbon atomic ratio (H/C). AsFig. 11 shows,
conventional liquid and gaseous fuels have atomic H/C
ratios higher than that of coal. Thus, in very general terms,
to convert coal to liquid or gaseous fuels one must either
add hydrogen or remove carbon.

A. Gasification

Coal can be converted to a combustible gas by reaction
with steam,

C+ H,O — CO+ Hy,

reports of which can be traced back to at least 1780.
The reaction is endothermic by 32 kcal/mol and requires
temperatures greater than 800°C for reasonable reaction
rates.

The major carbon gasification reactions are shown
in Table VI, and selected relative rates are shown in
Table VII. The products of the carbon-steam reaction,
carbon monoxide and hydrogen, called synthesis gas or
syngas, can be burned or converted to methane:
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Reaction
Name Reaction AHgg temp. (°C)
Carbon-steam  2C+2H;0———>2C0+2H, 6276 950
Y3
Water—gas shift  CO+H,0 T CO;+H,  —9.83 325
Methanation CO+3H, ——— CHs+H,O —49.27 375

2C+2H,0 —— CH; + CO; 3.66

In this scheme, hydrogen from water is added to carbon,
and the oxygen of the water isrejected as carbon dioxide.

To makethis chemistry aviabletechnology, many other
steps are involved, a key one being acid gas and ammo-
nia removal from raw syngas. Coal is not made only of
carbon, hydrogen, and oxygen, but also contains sulfur
and nitrogen. During gasification the sulfur is converted
to hydrogen sulfide and the nitrogen to ammonia. Carbon
dioxide is also produced. These gases must be removed
from the raw syngas because they adversely affect the cat-
alysts used for subsequent reactions.

Another issuein coal gasification isthermal efficiency.
The thermodynamics of the reactions written above indi-
cate that the overall C — CH,4 conversion should be ther-
moneutral. However, in practice, the exothermic heat of
the water—gas shift and methanation reactions is gener-
ated at a lower temperature than the carbon—steam reac-
tion and therefore cannot be utilized efficiently. Recent
catalytic gasification approaches are aimed at overcoming
these thermal inefficiencies.

Coal gasification plants are in operation today and are
used mainly for the production of hydrogen for ammo-
nia synthesis and the production of carbon monoxide for
chemical processes and for syngas feed for hydrocarbon
synthesis.

B. Liquefaction

As aready discussed, codl is a solid, three-dimensional,
cross-linked network. Converting it to liquids requiresthe
breaking of covalent bonds and the removal of carbon or
theaddition of hydrogen. Theformer method of producing

TABLE VI Carbon Gasification Reactions

AHags
Name Reaction (kcal/mol)

Combustion C+0; - COy —94.03
C+30,—co -26.62

CO+ 30, — CO; -67.41

Carbon-steam C+HyO— CO+H» 31.38
Shift CO+ H0 — COz + Hp -9.83
Boudouard C+ CO; — 2CO 41.21
Hydrogenation C+2Hy — CHg -17.87
Methanation CO + 3Hz — CHy4 + H20 —49.27
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FIGURE 11 Relationship of resource to end products on the basis of the ratio of atomic hydrogen to carbon.

liquidiscalled pyrolysis, thelatter hydroliguefaction. Coal
pyrolysis, or destructive distillation, is an old technology
that started on a commercia scale during the industrial
revolution. Hydroliquefaction, the reaction of hydrogen
with coal to make liquids, was first reported in 1869 and
was developed into a commercia process in the period
from 1910 to 1920.

In general, both pyrolysis and hydroliquefaction reac-
tions begin with the same step, thermal homolytic bond
cleavage to produce free radicals, effecting a molecular
weight reduction of the parent macromolecule (Fig. 12).
If the radicals are healed, smaller neutral molecules re-
sult, leading to liquid and gaseous products. Those rad-
icals that are not healed recombine to form products of
the same or higher molecular weight than the parent,
leading eventually to a highly cross-linked carbonaceous
network called coke (if the material passed through a
plastic phase) or char. In pyrolysis, radicals are heded
by whatever hydrogen is present in the starting coal. In
hydroliquefaction, excess hydrogen is usually added as
molecular hydrogen and/or as molecules (such as 1,2,3,4-
tetrahydronaphthalene) that are able to donate hydrogen
to the system. Thus, hydroliquefaction produces larger
amounts of liquid and gaseous products than pyrolysis
at the expense of additional hydrogen consumption. As
shownin Table VI, conventional pyrolysistakes place at
temperatures higher than those of hydroliquefaction, but
hydroliquefaction requires much higher pressures.

Many techniques have been used in hydroliquefaction.
They all share the same thermal initiation step but differ
in how hydrogen is provided: from molecular hydrogen,
either catalytically or noncatalytically, or from organic

TABLE VII Approximate Relative Rates of
Carbon Gasification Reactions (800°C, 0.1 atm)

Reaction Relativerate
C+0; — CO; 1x10°
C+ HO — CO + Hy 3
C+CO, — 2CO 1
C+2Hy; — CHy 3x 1073

donor molecules. Obvioudly, rank and type determine a
particular coal’s response to pyrolysis and hydroliquefac-
tion (Table 1X), and the severity of the processing con-
ditions determines the extent of conversion and product
selectivity and quality.

A large number of pyrolysisand hydroliquefaction pro-
cesses have been and continue to be developed. Pyroly-
sis is commercia today in the sense that metallurgical
coke production is a pyrolysis process. Hydroliquefac-
tion is not commercial, because the economics today are
unfavorable.

C. Hydrocarbon Synthesis

Liquidscan bemadefrom coal indirectly by first gasifying
the coal to make carbon monoxide and hydrogen, followed
by hydrocarbon synthesis using chemistry discovered by
Fischer and Tropsch in the early 1920s. Today, commer-
cialsize plantsin South Africa use this approach for mak-
ing liquids and chemicals. Variations of hydrocarbon syn-
thesis have been devel oped for the production of alcohals,
specifically methanol. In this context, methanation and
methanol synthesis are specia cases of amore general re-
action. Catalyst, temperature, pressure, and reactor design
(i.e, fixed or fluid bed) are all critical variablesin deter-
minig conversions and product selectivities (Table X).

catalyst
nCO+ (2n + 1)H,O —— CyHoni2 + NH0
catalyst
2nCO+ (n+ 1)H, —— ChHan 2 + nCO;
catalyst
nCO+ 2nH; —— CypHz, +nH0

catalyst
NCO + 2nH, —— CyHzns10H + (n — 1)H,0

TABLE VIl Typical Coal Liquefaction Conductions

Reaction Temperature (°C) Pressure (psig)
Pyrolysis 500-650 50
Hydroliquefaction 400480 1500-2500
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FIGURE 12 Schematic representation of coal liquefaction.

Clearly, abroad spectrum of products can be obtained,
and research today is aimed at defining catalysts and con-
ditions to improve the product selectivity. One recent ad-
vance in selectivity improvement involves gasoline syn-
thesis over zedlite catalyst from methanol, which is made
selectively from syngas. The good selectivity to gasoline
is ascribed to the shape-selective zeolite ZSM-5, which
controls the size of the molecules synthesized. Called
MTG (methanol to gasoline), the process operates at about
400°C and 25 psig. Large-scale demonstration plants are
currently under construction in New Zea and and the Fed-
eral Republic of Germany.

D. Coke Formation

The most important nonfuel use of coal is the formation
of metallurgical coke. Only a few coals form commer-
cialy useful cokes, while many more agglomerate when
heated. Good coking coals sell a a premium price. The
supply of coals suitable for commercial coke making is
sufficiently small so that blends of good and less good
coking coals are used. Desirable coke properties are al'so
obtained by blending. The coking ability of the blends can
beestimated from themaceral composition and rank of the
coals used in the blends. The best coking coals are bitu-
minous coals having ~86% carbon. Other requirements
for acommercial coking coal or coal blend are low sulfur

TABLE IX Variation of Hydroliquefaction Conversion with
Rank

Batch hydroliquefaction

Conversion to liquids Barrels
and gas (% of coal, ail/ton
Coal rank dry ash-free basis) coal
Lignite 86 354
High-volatile bituminous-1 87 4.68
High-volatile bituminous-2 92 4.90
Medium-volatile bituminous 44 210

Anthracite 9 0.44

and mineral matter contents and the absence of certain el-
ements that would have a del eterious effect on theiron or
steel produced.

In coke making, a long, tall, narrow (18-in.) oven is
filled with the selected coal or coal blend, and it is heated
very slowly from the sides. At ~350°C, the coa starts
to soften and contract. When the temperature increases
to between 50 and 75°C above that, the coa begins to
soften and swell. Gases and small organic molecules (coal
tar) are emitted as the coal decomposes to form an eas-
ily deformable plastic mass. It actually forms a viscous,
structured plastic phase containing highly organizedliquid
crystalline regions called mesophase. With further heat-
ing, the coal polymerizesto form asolid, which on further
heating forms metallurgical coke. The chemical process
is extraordinarily complex.

TABLE X Hydrocarbon Synthesis Product Distributions
(Reduced Iron Catalyst)

Variable Fixed bed Fluid bed
Temperature 220-240°C 320-340°C
H/CO feed ratio 17 35
Product selectivity (%)

Gases (C1—Ca) 22 52.7
Liquids 75.7 39
Nonacid chemicals 2.3 7.3
Acids — 1.0
Gases (% total product)
Ci 7.8 131
Cy 32 10.2
Cs 6.1 16.2
Cy 4.9 13.2
Liquids (as % of liquid products)
C3—C4 (liquified petroleum gas) 5.6 7.7
Cs—Cy1 (gasoline) 334 72.3
C12—Cyo (diesel) 16.6 34
Waxy oils 10.3 3.0
Medium wax (mp 60-65°C) 118 —
Hard wax (mp 95-100°C) 18.0 —
Alcohols and ketones 4.3 12.6
Organic acids — 1.0
Paraffin/olefin ratio ~1:1 ~0.25:1
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Theinitial softening is probably due to amix of physi-
cal and chemical changesin the coal. At the temperature
where swelling begins, decompositionisoccurring and the
coal structure is breaking down. Heat-induced decompo-
sition continues and the three-dimensionally linked struc-
ture is destroyed, producing a variety of mobile smaller
molecules that are oriented by the large planar aromatic
systems they contain. They tend to form paralel stacks.
Eventually, these repolymerize, forming coke.
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I. Measuring Energy Consumption
Il. Measuring Economic Activity
[ll. Energy Efficiency Indicators
IV. Accounting for Sector Structure
V. Time Series
VI. Reaggregation of Energy Efficiency Indicators

GLOSSARY

Energy efficiency A measure of the amount of energy
consumed per unit of a clearly defined human activity.

Energy efficiency indicator An approximation of energy
efficiency such as the energy intensity or the specific
energy consumption. Most efficiency indicators mea-
sure the inverse efficiencys; if the efficiency increases,
the value of the indicator decreases.

Energy intensity An energy efficiency indicator, usually
based on economic measures of activity, such as value
added. Energy intensity generally measures a combi-
nation of energy efficiency and structure. The energy
intensity is often used at a higher level of aggregation
than the specific energy consumption.

Specific energy consumption (SEC) An energy effi-
ciency indicator, usually based on a physical measure
for activity, such as the production volume. The SEC

Among Countries

is also called energy intensity when it measures a com-
bination of energy efficiency and sector structure.

Structure The mix of activities or products within a coun-
try or sector.

ENERGY EFFICIENCY comparison in the manufactur-
ing industry is a tool that can be used by industry to as-
sess its performance relative to that of its competitors.
For this purpose it has been used for many years by the
petrochemical industry and refineries, and interest on the
part of other industries is growing. The tool can also be
used by policy makers when designing policies to re-
duce greenhouse gas emissions and prioritizing energy
savings options. International comparisons of energy effi-
ciency can provide a benchmark against which a country’s
performance can be measured and policies can be evalu-
ated. This is done both by national governments (such as
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the Netherlands and South Korea) and by international
organizations such as the IEA (the International Energy
Agency) and APERC (the Asian Pacific Energy Research
Center).

. MEASURING ENERGY CONSUMPTION

A. System Boundaries

Thenumerator of the energy efficiency indicator measures
energy consumption, which can be defined in many ways:

End-use energy measuresthe energy used for each final
application. With surveys of energy consumption and the
equipment used (as well as information on frequency of
use, home size, etc.), many of the key end usesin homes,
buildings, vehicles, and even in complex industrial pro-
cesses can be determined.

Final energy is the energy purchased by final energy
users, excluding on-site conversion losses, measured as
purchased energy — the consumption by in-plant conver-
sion processes + the production by in-plant conversion
processes. The difference between end-use energy and fi-
nal energy isactually that more conversions are taken into
account for the latter.

Purchased energy the amount of energy bought from
suppliers. In cases where extraction of energy carriers
takes place within the industry itself (e.g., wood in the
paper industry or hydropower), purchased energy will un-
derestimate the actual energy consumption. Purchased en-
ergy overestimates actual energy consumption in cases
where part of the purchased energy is exported to other
sectors after conversion (e.g., coke oven gasin steel pro-
duction, excess electricity from combined heat and power
generation).

Net available energy is the amount of energy that ac-
tually becomes available to the user, including both net
purchased energy, stock changes, and the user’s extrac-
tion of energy forms.

Demand for primary energy carriers cannot be mea-
sured but must be calculated on the basis of, for example,
final energy consumption and knowledge of flows in the
energy sector itself. The simplest approach used isthat of
adding sectoral fuel consumption to the electricity con-
sumption using a conversion efficiency for electric power
plants. M ore sophisticated methods al so take into account
the lossesin production, conversion, and transportation of
the fuels. Whether to use uniform conversion, factors for
all countries and for different points in time or country-
dependent and time-dependent factorsdependsonthegoal
of the analysis.

Energy Efficiency Comparisons Among Countries

B. Units

Energy is measured in many different units around the
world. In addition to the SI (Systeme Internationale) unit,
thejoule, energy can measured in calories, British thermal
units (Btu), tonnes of oil equivalent (toe), tonnes of coal
equivalent (tce), kilowatt-hours (kWh), and in physical
units (e.g., cubic meters of gas, barrels of oil). The use of
these physical units poses a problem, because the energy
density of energy carriers can vary substantially between
countries. For the other units, it sufficesto list the Sl unit,
if necessary, in combination with alocal unit.

C. Heating Values

Energy may be measured in terms of the lower heating
value (LHV) or the higher heating value (HHV). Higher
heating values measure the heat that is freed by the com-
bustion of fuelswhen the chemically formed water is con-
densed. Lower heating values measure the heat of com-
bustlonwhen thewater formed remainsgaseous. Although
the energy difference between HHV and LHV may not al-
ways be technically recoverable, HHV isabetter measure
of the energy inefficiency of processes.

Il. MEASURING ECONOMIC ACTIVITY

Economic activity within the industry sector can be mea-
sured in either physical or economic terms.

A. Economic Measures

Economic indicators that can be used to measure the ac-
tivity in the industry sector are as follows:

Gross output is the most comprehensive measure of
production, including sales or recei ptsand other operating
income plus inventory changes.

The value of shipments is a measure of the gross eco-
nomic activity of a particular sector, including total re-
ceipts for manufactured products, products bought and
sold without further manufacturing, and rendered services.
Assuch, it includes the costs of inputs used in that sector.

The value of production measures the value of the
amount of goods produced, instead of the amount of goods
sold and is calculated by correcting the value of shipments
for inventory changes.

Value added is defined as the incremental value added
by sectors or industrial processes, usually measured by
the price differential between total cost of the input and
price of the output (including services). Thisisaso called
gross value added. A net value added can also be defined
by subtracting expenditures for depreciation from gross
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value added. Another distinction can be made into (net
or gross) value added at market prices or at factor costs.
The latter is calculated by subtracting indirect taxes and
subsidies from the former. Usually gross value added at
market pricesis reported.

Value added represents the net economic output for a
given sector or process, and as such the value added for
sectors and processes can be added without double count-
ing. Thetotal valueadded of all sectorsmoreor lessequals
GDP.

A production index reports the ratio of production in
a given sector in a given year to the production in the
same sector in abase year. Often the index is partly phys-
ical, partly economic: Physical production is weighed on
the basis of the economic value of the different products.
This measure is mainly used for studying changesin one
country over time.

To be able to compare activity measured in economic
terms between countries, national currencies have to be
converted to one single currency. This can be done by us-
ing market exchange rates or by using purchasing power
parities. Thefirst approach simply convertscurrenciesinto
the reference currency (e.g., U.S. dollars) by applying av-
erage annual market exchange rates. Purchasing power
parities (PPP) are the rates of currency conversion used
to equalize the purchasing power of different currencies.
For developing countries, PPP-based, estimates of GDP
may be much (2 to 3 times) higher than market exchange-
based rates. This means that the same amount of value
added would comprise more goods and activities in de-
veloping countries than it would in OECD countries. A
certain amount of money, converted at PPP rates to na-
tional currencies, will buy the same amount of goods and
servicesin all countries.

If comparisons are made for various years, the devalua-
tion of currencies also has to be taken into account. Time
seriesare therefore usually expressed in fixed-year prices,
actual expenditures are converted to, for example, 1990
dollars. Becauseinflation rates vary from country to coun-
try and between industries, national currencies should be
corrected for domestic inflation rates before they are con-
verted into the reference currency.

B. Physical Measures

Physical productionrepresentstheamount of salable prod-
uct. The most widely used physical measure of activity is
volume based (i.e., metric tonnes). Physical measures of
activity are the same for different countries or are easily
convertible (e.g., short tonnesto metric tonnes). The mea-
sure also varies less over time. Therefore, physical mea
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sures of activity are more suitable for energy-intensivein-
dustries, such astheiron and steel industry and the cement
industry. For light industry sectors, an economic measure
of activity may be more appropriate because the mix of
productsis very diverse.

lll. ENERGY EFFICIENCY INDICATORS

An energy efficiency indicator gives the amount of en-
ergy that is required per unit of human activity or pro-
duction. Based on the type of demand indicators used,
either economic or physical energy efficiency indicators
are distinguished.

A. Economic Efficiency Indicators

The most aggregate economic energy efficiency indicator
isgenerally called the energy intensity. A commonly used
economic indicator in industry is based on value added.
Most national statistics produce figures for value added.
Because activities in various sectors are expressed in one
measure, it is possible to add them, which is an important
advantage of this type of indicator.

The most important shortcoming of economic indica-
torsisthelack of ability toreflect the structural differences
among countries, or within acountry in time. To some ex-
tent thiscan be corrected for by using decomposition anal-
ysis (see Section 1V.C). However, usually only intersec-
toral differencesin structure are accounted for in thistype
of analysis. In addition, economic efficiency indicators
can be strongly influenced by changes in product prices,
feedstock prices, etc. Furthermore, parts of the economy
do not generate value added (as measured in the official
statistics), such astradeininformal economies(black mar-
kets) or barter economies, intermediate products that are
used within the same company, etc. For historical analy-
ses, we aso have the a problem that planned economies
did not use concepts like GDP and value added.

B. Physical Efficiency Indicators

The physical energy efficiency indicator is called specific
energy consumption (SEC). It is defined as the ratio of
energy consumption to a measure of human activity in
physical terms, i.e., per weight unit of product.

The advantage of physical indicators is that there is a
direct relationship with energy efficiency technology: The
effect of energy saving measures, in general, is expressed
in terms of a decrease of the SEC. Since physical energy
efficiency indicators are necessarily developed for alower
aggregation level than economic efficiency indicators, the
occurrence of structural effects is by definition less of a
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problem than for economic indicators. However, at the
level of product mix structural differences may aso play
a role for physica indicators. In cases where the SEC
measuresacombination of energy efficiency and structure,
it can also be referred to as energy intensity.

A problem with physical efficiency indicators is that
it is not easy to count together different types of activ-
ity. Furthermore, there is no one-to-one relation between
physical indicators and the monetary quantities that form
the basis of economic models.

C. Comparing Economic and Physical Energy
Efficiency Indicators

Studies have shown that for the heavy industries the cor-
relation between different economic indicators is poor.
Differences can be so large that one type of economic
indicator may suggest an increase in energy efficiency,
while another type of economic indicator suggests a de-
crease in energy efficiency. Comparisons between physi-
cal and economic energy efficiency indicators also show
large differences. No one single economic efficiency in-
dicator correlates best with the physical. Rather, correla-
tion varies by country and by sector. Generally, physical
energy efficiency indicators are considered to provide a
better estimate of actual energy efficiency devel opments
in the heavy industry.

IV. ACCOUNTING FOR SECTOR
STRUCTURE

At the national level, structureis defined by the share the
different economic sectors have in gross domestic prod-
uct, for exampale, the share of manufacturing versus the
share of the service sector. At alower level of aggregation,
structure is defined by the mix of products and those as-
pectsthat influence product mix and product quality (such
as feedstock).

Because of the influence of sector structure on energy
intensity, cross-country or cross-time comparisons cannot
be made based solely on trends in the absolute value of
the energy efficiency indicator (SEC) for each country.
To be able to compare developments in energy efficiency
between countries and over time, differences and changes
in economic structure have to be taken into account. Two
approaches are used for this, the reference plant approach
and decomposition analysis.

A. Reference Plant Approach

Inthereferenceplant approach theactual SECiscompared
toareference SEC that isbased on acountry’ssector struc-
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ture. A commonly used definition of the reference SEC
is the lowest SEC of any commercially operating plant
worldwide. Such a best plant is defined for each process
and a country’s sectoral reference SEC is established by
calculating the weighted average of the reference SECs of
individual processes and/or products present in that coun-
try. This meansthat both the actual SEC and the reference
SEC are similarly affected by changesin sector structure.

The difference between the actual SEC and the refer-
ence SEC is used as a measure of energy efficiency, be-
cause it shows which level of energy efficiency is achiev-
able in a country with a particular sector structure. Note
that thisisasomewhat conservative estimate, sincetheref-
erence SEC is usually not an absolute minimum require-
ment, such as a thermodynamic minimum. Usualy, the
SEC of the best plant observed worldwide can, technically
speaking, still bereduced, but the necessary measures may
not be implemented for a variety of reasons, such as the
continuity of production, economic considerations, etc. It
must also be noted that technological and economic lim-
itations change over time, resulting in a lower reference
SEC.

The relative differences between actual and reference
SEC can be compared between countries. Usually thisis
done by calculating an energy efficiency index (EEI): the
ratio between actual SEC and reference SEC. The closer
the EEI approaches 1, the higher the efficiency is.

Figure 1 explains the methodology with an example
for the pulp and paper industry. The SEC is depicted asa
function of theratio between the amount of pulp produced
versus the amount of paper produced. This accounts for
differences between countries in the use of waste paper
as a feedstock for paper production and in import/export
patterns of the energy-intensive intermediate pulp. In the
graph, called the structure/efficiency plot, both the actual
(national average) SEC and the reference SEC are shown
(respectively, the upper end and the lower end of the verti-
cal linesin Fig. 1). The diagonal line represents the refer-
ence SEC at various pul p/paper ratios for a given product
mix (such as high-quality printing paper, wrapping paper
or newsprint). The reference level of individual countries
may differ from thisline if the manufactured product mix
within a country is different (such as for country C).

If the countriesin Fig. 1 (A, B, C, and D) were to be
compared on the basisof the SEC alone, onewould tend to
conclude that countries A and B are comparably efficient,
country Cislessefficient, and country D is, by far, theleast
efficient of thefour countries shown. However, the s/e plot
shows that country D’s high specific energy consumption
islargely caused by amore energy-intensive product mix.

A comparison of the relative differences between ac-
tual and reference SEC shows that countries A and D are
equally efficient. Country B is the most efficient, while
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FIGURE 1 A structure/efficiency (s/e) plot for the paper industry.

country C is the least efficient country. The EEIs of A,
B, C, and D are 112, 105, 113, and 121, respectively. An
EEI of 105 means that the SEC is 5% higher than the ref-
erence level, so that 5% of energy could be saved at the
given sector structure by implementing the reference level
technol ogy.

B. Decomposition Analysis

Methods have been developed in which changes in over-
all energy consumption are decomposed into changes in
activity level, sector structure and energy efficiency. Such
methods are called decomposition analysis. These meth-
ods are based on the following relation:

Et=A> Sieli.

where

E; = sectoral energy consumption in year t
A = sectoral output
St = structure of subsector i in year t, measured by
Ai/A
A + = output of subsector i inyear t
l;.+ = energy intensity of activity i inyeart

In decomposition analysis, indices are constructed that
show what sectoral energy consumption would have been
in year t if only one of the above parameters (A, S, or
1) had changed, while the others remained the same as
the level in the base year (year 0). Depending on the ex-

act methodology used, these indices are called Divisia or
L aspeyresindices. The main differences between method-
ologies occur in which base year ischosen (e.g., first year,
last year, or the middle year of the analysis) and whether
the base year is fixed or not. Fixed year Laspeyresindices
can be expressed as follows:

LA = AtZ:(,)O. |i,0,
LS = AoZ;t- |i,0,
Ll = 4%22(;0.“4.

Here, L A measures the change in energy use that would
have occurred given actual changesin output, but at fixed
structureand intensity. L Smeasuresthe changethat would
have occurred due to structural change if output and in-
tensity had both remained constant; L1 shows the devel-
opment energy consumption that would have existed if
output and structure did not change.

As shown by the use of the term energy intensity in
the equation, decomposition analysis is usualy carried
out on the basis of economic energy efficiency indicators.
Thisalso bringswith it the problems associated with those
type of indicators as mentioned in Section I11. However,
recently a method has been developed to carry out a de-
composition analysis on the basis of physical indicators.

In this method, activity is measured in physical units.
Also the effects of a change in energy efficiency are not
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estimated using the energy intensity, but on the basis of a
physical production index:

PPl =" Pcowy
where

PPl = physical production index
Py = production of product x (kg)
wy = weighting factor

The weighting factors are chosen in such away that they
represent the amount of energy needed to produce each of
the products. An appropriate set of weighting factors may
be based on the best plant SECs as used in the reference
plant.

Whentheweighting factorsarethesamefor all theyears
in the analysis, the development of the PPI represents a
frozen efficiency development of the energy consumption.
The energy consumption of asector can then also be writ-
ten according to:

PPI
ZE:ZPxﬁx i

Here, > P isthe parameter for activity (total amount pro-
duced in kilograms), PPI/>_ P isrelated to the composi-
tion of the product mix (structure) and " E/PPl isanin-
dicator of the energy efficiency (on aphysical basis). Note
that thisratio is actually the same as the energy efficiency
index, EEI, asdefinedin Section IV.A. Figure 2 showsone
example of a decomposition analysis on aphysical basis.

Notethat the countriesare both indexed to their own ref-
erence situation (in 1973), not to one common reference

> E
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situation. Thismeansthat an index of 100% for one coun-
try representsadifferent situation than it doesfor the other
country. Inthe case of thetwo countrieslistedin Fig. 2, the
Japanese paper industry was more efficient in 1973 than
the U.S. paper industry. As aresult, the 1993 differences
in energy efficiency are larger than Fig. 2 suggests.

V. TIME SERIES

The reference plant approach described in Section 1V.A
cannot only be used for a cross-country comparison of
energy efficiency, but aso for a cross-time analysis of
changes in energy efficiency in one or more countries.

To construct a time series, both actual SEC and ref-
erence SEC are determined for different points in time.
Here too, actual comparison is not based on the absolute
level of the actual SEC aone, but ontherelative difference
between actual and reference SEC, the EEI.

Figure 3 shows a cross-time and cross-country compar-
ison based on this approach. As stated before, a country
becomes more efficient as EEI approaches 1. Note that
an EEI of 1 can represent a different specific energy con-
sumption for different points in time (and for different
countries).

VI. REAGGREGATION OF ENERGY
EFFICIENCY INDICATORS

After energy efficiency indicators have been determined
at alow level of aggregation, often further reduction of

Physical decomposition analysis for the paper industry
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FIGURE 2 A decomposition analysis based on physical indicators for the pulp and paper industry. The relative
change (compared to 1973) is shown for total energy consumption in the industry, and for the underlying changes in
activity level, sector structure (product mix), and energy efficiency.
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FIGURE 3 The development of the EEl in the pulp and paper industry over time for various countries. Countries’ actual
primary energy consumption is indexed to the primary energy consumption of the best plant observed worldwide.

the number of indicators into more aggregate figures is
desirable (e.g., one per sector).

One approach for this reaggregation could be to calcu-
late an aggregate SEC, based on the actual SEC and the
reference SEC of al individual products and processes
according to thefollowing equation. In doing this, each of
the productsisweighed by their relevance for energy con-
sumption (which is, for this aim, more appropriate than
weighing by economic value or product quantity):

Z m; e SEC; _ Z Ei
> m eSECqi > .M ®SECk;’

%C@z

where

Sec,y = aggregate specific energy consumption (dimen-
sionless)
E;j = energy consumption for product i
m; = production quantity of product i
SEC; = specific energy consumption of product i
SEC,«; =a reference specific energy consumption of
product i

The aggregated SEC equals 1 if all products have a SEC
that is equal to the reference SEC. The higher the SECs
of each individual products are, the higher the aggregate
value (and the higher the room for improvement). Figure 4
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FIGURE 4 The aggregated energy efficiency index for a number of countries. The sectors included are the iron
and steel industry, the aluminium industry, the pulp and paper industry, the cement industry, and a major part of the
chemical industry (the production of petrochemicals, ammonia, and chlorine).
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shows how such areaggregation might look for a number
of countries.

Another possibility isto define a physical indicator ac-
cording to a “basket of goods” such as 1 tonne of sev-
era primary industrial products. Aggregate specific en-
ergy consumption would then be defined as:

SECy =) (W » SEC)),

where W, isaweight factor equivalent to the energy con-
sumption of industry i, divided by the total energy con-
sumption of the basket. One problem with this approach
ariseswhen a country does not produce all the productsin
the basket.

SEE ALSO THE FOLLOWING ARTICLES

CARBON CYCLE e ENERGY FLOWS IN ECOLOGY AND IN
THE ECONOMY e ENERGY RESOURCES AND RESERVES
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o GREENHOUSE EFFECT AND CLIMATE DATA e GREEN-
HOUSE WARMING RESEARCH
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GLOSSARY

Cumulative exergy consumption The “total consump-
tion of exergy of natural resources connected with the
fabrication of the considered product and appearing in
all the links of the network of production processes,’
according to J. Szargut.

Ecological footprint A concept introduced to portray the
environmental impact of a process or an economy, by
measuring the amount of ecologically productive land
that is needed to support it.

The concept has been refined by suggesting that the
environmental support to a process (i.e., the resources

and In the Economy

and environmental services) is measured in terms of
solar emergy.

Emergy The amount of exergy of one form that is directly
or indirectly required to provide a given flow or storage
of exergy or matter. In so doing, inputs to a process are
measured in common units. Emergy is measured in
emjoules (eJ). When inputs are measured in units of
solar exergy, the solar Emergy is calculated, measured
in solar emergy joules (sel).

Emergy is a memory of the available energy (ex-
ergy) previously used up in a process and is used when
the global support from biosphere to the process is
investigated.
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Converting flows of different nature into flows of
one kind requires conversion coefficients called trans-
formities (seJJ). Emergy accounting acknowledges
that different forms of exergy may require a differ-
ent environmental support and may show different
properties.

Exergy The amount of work obtainable when some
matter is brought to a state of thermodynamic
equilibrium with the common components of the
natural surroundings by means of reversible processes,
involving interaction only with the above-mentioned
components of nature. Exergy is measured in joules or
kcal.

Real processes are irreversible. Therefore, mea-
sures of actual work compared with theoretical
value provide indicators of exergy losses due to the
irreversibility of a process. Exergy is therefore a
thermodynamic assessment of potential improvements
at the scale of the investigated process.

Life-cycle analysis A technique for assessing the en-
vironmental aspects and potential impacts associated
with a product, by (1) compiling an inventory of rele-
vant inputs and outputs of a process, from the extrac-
tion of raw resourcesto thefinal disposal of the product
when it is no longer usable (so called “from cradle to
grave” analysis); (2) evaluating the potentia environ-
mental impacts associated with those inputs and out-
puts; and (3) interpreting theresultsof theinventory and
impact phasesin relation to the objectives of the study.

Reversible/irreversible A reversiblechangeinaprocess
is a change that can be reversed by an infinitesimal
modification of any driving force acting on the system.
The key word “infinitesimal” sharpens the everyday
meaning of the word “reversible” as something that
can change direction. In other words, the state of the
system should always be infinitesimally close to the
equilibrium state, and the process should be described
as a succession of quasi-equilibrium states.

A system isin equilibrium with its surroundings if
an infinitesmal change in the conditions in opposite
directions results in opposite changes in its state.

It can be proved that a system does maximum work
when it isworking reversibly. Real processes areirre-
versible, therefore there is always a loss of available
energy due to chemical and physical irreversibilities.

Sustainable/sustainability Sustainabledevelopmentisa
form of development that integratesthe production pro-
cess with resources conservation and environmental
enhancement. It should meet the needs of the present
without compromising our ability to meet those of the
future.

Some of the aspects involved are the relationship
between renewable and nonrenewable resources

Energy Flows in Ecology and in the Economy

supporting society, environmental impact in relation
to economic actions, intergenerational equity, and
indirect impacts of trade.

PATTERNS of energy conversion and use, including en-
ergy quality evaluation and sustainable use of the energy
that isavailable, are not easy issuesto deal with. A general
consensus is il far from being reached among energy
experts and economists about evaluation procedures and
energy policy making. The rationale underlying energy
evaluation methodologies and the need for integration of
different approaches for a comprehensive assessment are
presented in this paper. How the evaluation approaches
and space-time scales of the investigations are linked is
stressed. Finally, a case study (industrial production of
hydrogen and fuel cells) is presented and discussed by
using an integrated biophysical approach, to show what
each approach is able to contribute. The impossibility of
achieving a universal theory of value is emphasized, but
synergies achieved by integration of different evaluation
procedures are pointed out.

I. INTRODUCTION

According to Howard Odum; “A tank of gasoline drivesa
car the same distance regardless of what people are will-
ing to pay for it It is as a result of Odum’s pioneer-
ing work in the sixties and subsequent work that the im-
portance of energy as the simultaneous driving force of
our economies accompanied by changing ecosystems has
been increasingly recognized. Until recently, neoclassi-
cal economics has been unsuitable for understanding the
role of the biophysical support provided at no cost by the
environment to the development of economic processes.
Whatever we may bewilling to pay for our gallon of gaso-
line, if we cannot afford the cost, we are unable to fill the
tank. Money flows parallel to biophysical flows support-
ing them, so that they must both be accounted for. The
problem is that while money flows are easily dealt with
by using market mechanisms, biophysical flows are not.
Economists and policy makers must recognize the role of
energy and other resource flowsin support of human soci-
eties. Integration between economic and biophysical tools
for abetter management of available resourcesisurgently
needed and may lead to a very different way of dealing
with production processes and their relationship to the
environment.

What do we pay for when wetrade dollarsfor gasoline?
Dollars are a cumulative measure of labor and services
involved through the whole chain of processes from re-
source extraction to refining, storage, and transport to the
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end user. We pay people for what they do to supply us
with gasoline or food. In none of the steps of any of these
processes do we pay hature for making the rav material
or for concentrating it from dispersed states. “We do not
pay nature for each acre of land taken out of biological
production, nor do we pay nature for the millions of years
of work it did in making coal or oil,” M. Gilliland wrote
in 1979.

The price of gasoline is highly variable, depending on
oil-supply constraints at the sources, the cost of labor and
refining processes, taxation in agiven country (thesetaxes
areused for services provided by other sectorsof the econ-
omy), etc. InMay 2000, the U.S. pricewasabout $1.50 per
gallon, and the pricewas about U.S. $4 per gallonin Italy,
where heavy taxes (including a carbon tax) are levied on
oil products. Refining oil may be much more expensive
(cost more money) in Italy than in Saudi Arabia, but the
process of refining takes about the same amount of energy
per liter of gasolinein both countries, since essentially the
same technology is used. Energy coststo makethings are
more constraining than current dollar costs. In principle,
we may always find a country where the manufacturing
processis cheaper (i.e., wherelabor isless expensive), but
we are unlikely to find a country where the energy cost is
greatly lowered, becausethe best technology isuniversally
preferred.

Why does money appear to be so important and energy
not? It is because money appears to be a scarce resource
and depends on the amount of economic activity a given
country or a person is able to control. Governments and
peopleare not universally convinced that this scarcity also
applies to energy and other biophysical resources.

II. PARADOXES ABOUT ENERGY
AND RESOURCE USE

T. R. Mdthus recognized in 1798 that when a resource
is available, it is used with a boosting effect on system
growth. Systems grow using aresource until the resource
becomes scarce due to the increasing size of the system.
In other words, resource availability increases demand
which, in turn, reduces the resource availability because
of increasing resource use.

Let us assume now that we are able to save some en-
ergy by means of a more efficient domestic heater. In so
doing, we save a corresponding amount of money. A part
of this money (say the money saved in the first two to
three years) will cover the cost of the new heater and the
safe disposal of the old one. After that, we have some
money availablefor other uses. Wemay thereforedecideto
purchase new books, to go more frequently to the movies,
to buy new clothes, or to go to an expensive restaurant.
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We might invest money in traveling for leisure or in re-
modeling our apartment. All of these activities are driven
by labor, material, and energy inputs, resulting in making
new goods and services available to us. Labor and mate-
rial areultimately supported by an additional energy input.
The end of the story is that the energy saved in the heat-
ing is expended on the energy invested in making the new
heater and the energy which supportsthenew activitiesand
goods.

Depending on the kinds of commodities and services
and their market prices(i.e., the costs of labor and services
supporting them), we may cause the expenditure of more
energy than the amount previously saved by using amore
efficient heater.

A different strategy is also possible. The higher effi-
ciency of the new heater makesit possible to supply more
heat for the same amount of fuel input. We may therefore
decide to heat our apartment more than in the past to feel
more comfortable and eventually wear very light clothes
at home. We will get used to a higher temperature and
will continue this lifestyle even as the heater gets older
and has reduced efficiency. This trend requires increased
energy input over time. The final result may be the same
or even ahigher energy expenditure, in addition to the en-
ergy cost of making the new heater. The increased use of
aresource as a consequence of increased efficiency isthe
well-known Jevons paradox.

Assume, finally, that increased costs of energy (due to
taxes purposefully aimed at decreasing energy use) force
usto run the heater at alower temperature or for a shorter
time (this happens in large Italian cities as the result of
efforts to lower the environmental impacts of combus-
tion). We are now unable to save money and therefore
we are unable to invest this money in different kinds
of energy-expensive goods. Tax revenues may, however,
be reinvested by the government in development plans
and services, thereby using energy to support these plans.
We save energy, but the government does not. Also in
this last case, no rea energy savings occur, nor do we
know if energy consumption remains stable or islikely to
increase.

Only when a decrease of energy use at the individ-
ual level is coupled to strategies aimed at lowering the
total energy expenditures at the country level will there
be decreasing imports or decreasing depletion of local
storages. This scenario happens, for instance, when the
decreased buying power of the local currency of an oil-
importing country or the increased oil costs in the inter-
national market force a country to buy less oil and apply
energy-conservation strategies, as many European coun-
tries did after the 1973 and 1980 oil crises. When such
a case occurs, depletion of oil storages in oil-exporting
countries is slowed down and some oil remains unused
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for a while. The oil price may drop down to levels that
other countries are able to afford and thus the use rate will
rise again.

What do we learn from these facts? We learn that when
aresource is abundant or cheap, it isvery likely to be de-
pleted quickly by systemswhich arewell organizedfor this
purpose (Darwinian survival of the fittest). Increased effi-
ciency callsfor additional consumption. When aresource
is scarce (high cost is a temporary kind of scarcity), use
becomes more efficient to delay (not to prevent) final de-
pletion. Thistrend wasclearly recognized in 1922 by A. J.
L otkaasaMaximum Power Principle, suggesting that sys-
tems self-organize for survival and that under competitive
conditions systemsprevail when they devel op designsthat
allow for maximum flow of available energy. As environ-
mental conditions change, the response of the system will
adapt so that maximum power output can bemaintained. In
thisway, systems tune their thermodynamic performance
according to the changing environment.

lll. IS ENERGY A SCARCE RESOURCE?

In1956, M. K. Hubbert pointed out that all finite resources
follow the sametrend of exploitation. Exploitation is first
very fast due to abundance and availability of easily ac-
cessible and high-quality resources. In the progress of the
exploitation process, availability declines and production
is slowed down. Finally, production declines, due to both
lower abundance and lower quality.r This trend allows
the investigator to forecast a scenario for each resource,
based upon estimates of available reserves and exploita-
tion trends. New discoveries of unknown storages will
shift the scenario some years into the future, but it cannot
ultimately be avoided.

Hubbert al so predicted the year 1970 for oil production
to peak in the U.S. He likewise predicted the year 2000
for il production to peak on a planetary scale. He was
rightinthefirst case and it scemshewas not very far from
right in the second prediction. Based upon this rationale
and energy analysisdata, C. A. S. Hall and C. J. Cleveland
and Cleveland and co-workers have predicted that U.S. oil
would no longer be a resource soon after the year 2000.
Around this time, extraction energy costs would become
higher than theactual energy yield, duetoincreased energy
costs for research, deep drilling as well as to the lower
quality and accessibility of still available oil storages.

Finally, in 1998 C. Campbell and J. Laherrére predicted
the end of cheap oil within the next decade, based upon

in principle, if an unlimited energy supply were available, there
would be no material shortages because every substance would become
reusable. Thiswould shift the focus to energy resources, further enhanc-
ing their importance.
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TABLE | World Proved Reserves and World Consumption of
Fossil Fuels?

‘World proved Annual world Reserve-to-
reserves” consumption®  consumption

(10° tons of 0il ~ (10° tons of 0il ratio, R/C,
Fossil fuel equivalent) equivalent) yearsd
Qil 140 3.46 405
Coal 490 213 229.9
Natural gas 134 2.06 65.2
Total® 764 8.53 99.8

a BP Amoco, 2000; based on 1999 estimates.

b Proved reserves are defined as those quantities which geological
and engineering information indicates with reasonable certainty can be
recovered in the future from known reservoirs under existing economic
and operating conditions.

¢ Indicates the amount of the total reserve that is used up in a given
year.

d Ratio of known reserves at the end of 1999 to energy consumption
in the same year. Indicates how long the reserve will last at the present
consumption rate. A reserve-to-annual production ratio, R/P, can also be
used, with negligible differences due to annual oscillations of consump-
tion and production rates.

€ Estimated, assuming that oil, coal, and natural gas can be substituted
for each other. Of course, while this is true for some uses (e.g., usein
thermal power plantsfollowed by conversion to electricity), itisnot easy
for others unless conversion technologies are applied and someenergy is
lost in conversion (e.g., converting coal to aliquid fuel for transportation
use or to hydrogen for making electricity by using fuel cells).

geological and statistical data. It is important to empha-
size here that they did not predict the end of oil produc-
tion but only the end of oil production at low cost, with
foreseeable consequences on the overall productive struc-
ture of our economies running on fossil fuels. The present
fossil resources (known energy storages that can be ex-
ploited by means of present technology) and resource-
to-consumption ratios are listed in Table 1. We are not
including nuclear energy in Tablel, dueto thefact that the
increasing environmental concerns and public opinion in
most industrialized countries are reducing the use of this
technology and the so-called “intrinsically safe nuclear
reactor” remains at a research stage of development.
Other authors believe that energy availability is not yet
going to be alimiting factor for the stability of developed
economies as well as to the growth of still-developing
countries due to the possible exploitation of lower quality
storages (e.g., oil from tar sands and oil shales, coal sup-
plies) at affordable energy costs. However, they admit that
economic costs are very likely to increase. Still available
fossil fuels, coupled with energy-conservation strategies,
aswell as new conversion technol ogies (among which are
coal gasification and gas reforming for hydrogen produc-
tion, and use of fuel cells) might help delay the end of the
fossil-fuel era, alowing for a transition period at higher
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costs. The transition time may belong enoughto allow for
aredesigning of economic, social, and population-growth
strategiesto comeout of thefossil-fuel erain an acceptable
manner. Itisstill under debate whether the new patternwill
be characterized by additional growth supported by new
energy sources or will be a global and controlled down-
sizing of our economies, which was anticipated by H. T.
Odum as a “prosperous way down.”

Other kinds of scarcity, especially economic and envi-
ronmental factors, are morelikely to be strong constraints
on energy use. We have aready pointed out that an in-
crease of the energy price isakind of scarcity factor. In-
deed, it affects availahility of energy for those economies
and individuals who are not able to afford higher costs.
The economic cost of energy is closely linked to devel op-
ment, creation of jobs, and possible use of other energy
sources that could not compete in times of cheap oil and
might provide alternativesfor future development in times
of reduced fossil-fuel use. On the other hand, environmen-
tal concerns (related to nuclear waste, the greenhouse ef-
fect and global warming potential, need for clean urban
air, etc.) affect societal assetsin many ways and may al-
ter production patterns when they are properly taken into
account. All of these issues call for correct and agreed
upon procedures of energy-sources evaluation, energy-
CONVersion processes, energy uses, and energy costs.

IV. HOW DO WE EVALUATE RESOURCE
QUALITY? THE SEARCH FOR AN
INTEGRATED ASSESSMENT IN
BIOPHYSICAL ANALYSES

The relation between energy and the economy has been
deeply investigated by J. Martinez-Alier who often em-
phasized that thermodynamic analyses cannot be the only
bases for policy, nor will they lead to a new theory of
economic value. They can, instead, do something that is
much more important. In addition to providing abiophys-
ical basis for economic descriptions, they may help to
expand the scope of economics, away from a single nu-
meraire or standard of evaluation toward systemsthinking
and amulticriteriaframework. For thisto be done, it must
be accepted that solutions of different problems may re-
quire different methodologies to be dealt with properly.
Each approach may only answer a given set of questions
and may require the support of other methodologies for
a more complete view of system behavior. The correct
use and integration of complementary approaches might
ease descriptions and enhance understanding of complex
systems dynamics, including human economies.

The demand for integration of methodol ogies has been
great during the past decade. Previous studies in the first
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two decades of energy analyses (the 1970s and 1980s)
were very often devoted to assessing and demonstrating
the superiority of one approach over others. After intro-
duction of systems thinking, hierarchy theory, nonlinear
dynamics, fractal geometry, and complex systems analy-
sis, it is now increasingly clear that different approaches
are very often required by the very nature of the problems
we deal with to build a set of complementary descriptions
that may be used to provide different assessments or dif-
ferent views of changes defined on different space-time
scales. Biophysical analyses make it possible to bridge
these different perspectives. The values of variables de-
scribed at a certain level will affect and be affected by
the values of variables describing the system at adifferent
level. A clear assessment and call for integration wasmade
at the beginning of the 1990s by the economist C. F. Kiker.
Comparing available energy (exergy) analysisand emergy
accounting methodol ogies, he came to the conclusion that
“while the backgrounds of available energy and emergy
analysts are substantially different, the underlying con-
ceptual bases are sufficiently the same for the two meth-
ods to be used jointly. If clear analytical boundaries are
specified for human-controlled systems, for natural sys-
temsand for systems derived from the interaction of these
two types, available energy analysis and emergy analy-
sis can be used together to evaluate the fund of service
from these systems.” He concluded that “what is needed
now are real world examples that actually do this” M. T.
Brown and R. Herendeen, in 1998, have compared in the
same way the embodied energy approach and the emergy
approach, looking for similarities and trying to make a
clear assessment of differences and still unresolved ques-
tions. M. Giampietro and co-workers, al'soin 1998, apply-
ing concepts of complex systemstheory to socioeconomic
systems, described asadaptivedissipative holarchies,2 em-
phasize that “improvements in efficiency can only be de-
fined at a particular point in time and space (by adopt-
ing a quasi-steady state view); whereas improvements
in adaptability can only be defined from an evolutionary
perspective (by losing track of details). Short-term and
long-term perspectives cannot be collapsed into a single
description.”

P. Frankl and M. Gamberale, in 1998, presented, the
Life-Cycle Assessment (LCA) approach as atool for en-
ergy policy “to identify (future) optimal solutions which
maximize environmental benefits, . . . toidentify priorities

2« . Supersystems (e.g., ecosystems or organisms) consist of sub-
systems (organisms and cells). They are nested within each other, and
from this view are inseparable, since they, though clearly individual,
consist of each other,” wrote R. V. O’Nelll and co-workers in 1986.
Open subsystems of higher order systems are called holons, hierarchies
of holons are called holarchies. They form a continuum from the cell to
the ecosphere.
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for orienting research and devel opment activitiesandiden-
tifying best fiscal and market incentive measures.” These
authors recall that life-cycle analysis is a technique for
assessing the environmental aspects and potential impacts
associated with a product, by compiling an inventory of
relevant inputs and outputs of a system, evaluating the
potential environmental impacts associated with thosein-
puts and outputs, and finally interpreting the results of the
inventory and impact phases in relation to the goas of
the study. They emphasize that “LCA results should not
be reduced to a simple overall conclusion, since trade-
offs and complexities exist for the systems analyzed at
different stages of their life cycle,” and that “there is no
singlemethod to conduct LCAs. .. LCA isavauableana
Iytical tool in the decision-making processin conjunction
with other tools.” It clearly appearsthat L CA could greatly
benefit from integration procedureswith other approaches
such as exergy and emergy evaluations.

A call for the importance of using integrated method-
ologies has come from scientists attending the Interna-
tional Workshop” Advances in Energy Studies. Energy
Flows in Ecology and Economy” at Porto Venere, Italy,
in 1998, to improve definitions of scales and boundaries,
methods of analysis, policy initiatives, and future research
needs required to generate a balanced evaluation of hu-
manity in theenvironment. In afinal Workshop document,
S. Ulgiati and colleagues challenge the scientific commu-
nity to reframe previousinsights and research activity into
a systems perspective, enhancing complementarity of ap-
proaches, systems thinking, and multi scale, multi criteria
evaluation tools. Finally, understanding the mechanism of
the environmental support to human wealth and its em-
bodiment in the goods that human societies make and use
has been suggested as a research and policy priority to
design sustainable interactions of humans and nature by
the participants in the Second International Workshop on
“Advances in Energy Studies. Exploring Supplies, Con-
straints, and Strategies,” Porto Venere, Italy, held in 2000.

V. TOWARD AN INTEGRATED
EVALUATION APPROACH

Evaluation procedures so far proposed by many authors
have been applied to different space-time windows of in-
terest and wereaimed at different investigationsand policy
goals. Many of these have offered val uableinsightstoward
the understanding and description of aspects of resource
conversions and use. However, without integration of dif-
ferent points of view, it is very unlikely that biophysical
tools can be coupled to economic tools to support envi-
ronmentally sound devel opment policies.
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We must also be aware that nature and economies are
self-organizing systems, where processes are linked and
affect each other at multiple scales. Investigating only the
behavior of asingle process and seeking maximization of
one parameter (efficiency, production cost, jobs, etc.) is
unlikely to provide sufficient insight for policy making. It
isof primary importance to develop approachesthat focus
on the process scale and then to expand our view to the
larger scale of the global system in which the processis
embedded, to account for the interaction with other up-
stream, downstream, and parallel processes.

Finally, systems are dynamic and not static. They may
appear static when a short time scale is chosen as the
window of interest, but their behavior very often follows
oscillating patterns. This also applies to societies. Many
scientists and policy makers suggest that human societies
can grow to adefined state, where resource supply and use
are balanced by limiting their rate of depletion to the rate
of creation of renewable substitutes. Since the planet asa
whole is a self-organizing system, where storages of re-
sourcesare continuously depleted and replaced at different
rates and matter is recycled and organized within a self-
organization activity, “sustainability concerns managing
and adapting to the frequencies of oscillation of natural
capital that perform best. Sustainability may not be the
level ‘steady-state’ of the classical sigmoid curve but the
process of adapting to oscillation. The human economic
society may be constrained by the thermodynamics that
isappropriate for each stage of the global oscillation,” ac-
cording to Odum?. Evaluation approaches must be able to
account for this aspect too.

A. Describing Matter Flows

No process description can be provided, at any level,
without a clear assessment of matter flows. Either a
mechanical transformation or achemical reaction may be
involved and quantifying input and output mass flows is
only a preliminary step for a careful evaluation. Without
nuclear transformations, matter is conserved according
to a fundamental law of nature. Mass cannot be created
or destroyed. Whenever we burn 40 kg of gasolinein our
engine, we are not only supplying energy to run the car,
we are also pushing far more than 40 kg of combustion
compounds formed from gasoline into the air. Thereisa

3When resources are abundant, systems that are able to maximize
resource throughput prevail, no matter their efficiency. Maximum effi-
ciency is not always the best strategy for survival. Only when resources
arescarce, systems sel f-organize to achieve maximum output by increas-
ing efficiency. They therefore choose different thermodynamic strategies
depending on external constraints and available resources.
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complex set of chemical reactions involving carbon and
atmospheric oxygen and nitrogen to yield carbon dioxide
and nitrogen oxides. The mass of each individual atomic
species is conserved in the process and the total mass
of reactants must equal the mass of reaction products.
If these changes are carefully accounted for, the process
can be described quite well while we make sure that we
are not neglecting any output chemical speciesthat could
be profitably used or that should be safely disposed of.
In addition, when we expand our scale of investigation,
we realize that each flow of matter supplied to a process
has been extracted and processed el sewhere. In so doing,
additional matter is moved from place to place, processed
and then disposed of. For instance, nickel is used in
the ceramic components of some kinds of fuel cells.
The fraction of nickel in pentlandite (nickel ore) is only
5.5x 1072 g Ni/g ore. To supply 1 g of pure nickel to
an industrial process requires that at least 181 g of
pentlandite be dug. If the nickel mine is underground,
the upper layers of topsoil and clay are also excavated,
perhaps a forest is also cut and biotic material degraded.
Finally, some process energy in the form of fossil fuels
is used up and a huge amount of process water is very
often needed as input and formed as output. In addition,
combustion also requires oxygen and releases carbon
dioxide. Accounting for the amount of biotic and abiotic
material involved in the whole chain of steps supporting
the investigated process has been suggested as a measure
of environmental disturbance by the process itself. We
therefore find two main aspects of the material balance.
When focusing on the product side, we must make sure
that economically and environmentally significant matter
flows have not been neglected. When addressing the input
side, we must allow for the total mass transfer supporting
aprocess and thereby measure indirectly how the process
affects the environment. Both of these two points of
view are based on the law of conservation of mass in
nonrelativistic systems. Mass demand per unit of product
(gin/gout) and total input mass supporting a process are
suitable indicators. Output/input mass ratios (equal to
one in the case of careful accounting*) and mass of by-
products released per unit of main product (Goyprod/Jout)
are also needed. After mass flows have been carefully
accounted for, economic, energy, and environmental
evaluations are made much easier, as with all of them a
good process description is clearly the starting point.

“When chemical reactions are involved, all reactants and products
must be accounted for. Atmospheric oxygen and nitrogen, for instance,
areinvolved in the combustion reaction of fossil fuelsviaalarge number
of elementary reaction steps, with known or estimated reaction rates.
Their masses must also be accounted for.
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B. Describing Heat Flows

First-law heat accounting should always be coupled to
mass accounting as a required step of any biophysical in-
vestigation. The sameitem may beidentified both asama-
terial and heat source. For instance, oil can bemeasuredin
kilogramsof hydrocarbonsor in joulesof combustion heat
that it can generate. Both measures are useful, depending
uponthegoal of theevaluation. In plastic polymer produc-
tion, oil isthesubstrate to be converted tothefinal product.
Measuring ail in joules when it is more a substrate than
afuel may not be useful. In electricity production, oil is
the fuel. Its combustion rel eases heat to power the turbine
and generate electricity. In both cases, some waste heat is
released to the environment while the main products are
generated. In times of cheap oil, waste-heat flows may be
neglected, since the focusis on the main product. Intimes
of decreasing oil availability or increasing costs, there may
be uses for waste heat, depending upon its temperature,
and we may then redefine waste heat as a by-product for
domestic heating or someindustrial application. However,
total input heat flow must always be equal to total output
heat flow for isothermal systems. When heat is produced
by combustion to make a product from raw mineral, we
have amass output intheform of the product and an added
waste-heat output equal totheinput energy used. Whenthe
product is aform of energy, such as electricity, the output
will be the sum of waste heat and produced el ectricity.

Environmental aswell as economic concerns may mo-
tivate ustoinvestigate the consequences of releasing to the
environment aresource characterized by ahigher tempera-
ture than the environmental temperature. To addressthese
opportunities, a careful description and quantification of
input and output heat flows is needed.

Theresult of afirst-law energy accounting is two-fold.
Asin the mass-accounting procedure, we remain with an
intensive indicator of efficiency (energy output/energy in-
put or energy input/unit of output) and an extensive ac-
counting of total heat input and total heat output. Theratio
of total energy output to total energy input must be equal
to one, unless some output flows have been neglected.

C. Accounting for (User-Side) Resource
Quality: The Exergy Approach

Not all formsof energy are equivalent with respect to their
ability to produce useful work. Whileheat isconserved, its
ability to support a transformation process must decrease
according to the second law of thermodynamics (increas-
ing entropy). Thisisvery often neglected when calcul ating
efficiency based only oninput and output heat flows (first-
law efficiency) and leads to an avoidable waste of still
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usable energy and to erroneous efficiency estimates. The
same need for quality assessment applies to every kind
of resource supplied or released in a process. The ability
of resources to supply useful work or to support a further
transformation process must be taken into account and is
the basis for inside-the-process optimization procedures,
recycling of still usable flows, and downstream allocation
of usable resource flows to another process.

Theability of driving atransformation processand, asa
special case, producing mechanical work, may be quanti-
fied by means of the exergy concept. According to Szargut
and co-workers in 1988, exergy is “the amount of work
obtainable when some matter is brought to a state of ther-
modynamic equilibrium with the common components of
the natural surroundingsby meansof reversible processes,
involving interaction only with the above-mentioned com-
ponents of nature” Except for cases such as electricity
production by means of nuclear reactors, the gravitational
potential of water, or the geothermal potential of deep heat,
chemical exergy isthe only significant free energy source
in most processes. In the procedure of Szargut and co-
workers, chemical exergy is calculated as the Gibbs free
energy relative to average physical and chemical param-
eters of the environment. Szargut and co-workers calcu-
lated the chemical exergy of aresource, bep res, relative to
common components of nature, by means of thefollowing
procedure:

1. The most stable end products of reactions involv-
ing the resource under consideration are chosen as refer-
ence chemical species “rs” in the environment (air, ocean,
or earth crust). These reference species are not in ther-
modynamic equilibrium, as the biosphere is not a ther-
modynamic equilibrium system. Reference species are
assigned a specific free energy (exergy) bys due to their
molar fraction zs in the environment by means of the
formulab,s = —RT In zs, where the reference species are
assumed to form an ideal mixture or solution.

2. In accord with the classical procedure of Gibbs, a
chemical reaction linking aresource “res” to its reference
species is chosen. The chemical exergy difference Abg,
between the two states is calculated as Abg, = Aby +
> beni, where Aby is the standard chemica exergy of
formation of the resource from elements, and bey,; is the
standard chemical exergy of theith element relativeto its
reference species. Tabulated values of free energy can be
used for this purpose.

3. Thetotal chemical exergy of the resource is finally
calculated as bgnres= Abr+ > beni + D brs. In so do-
ing, tables of exergies per unit mass or per mole (specific
exergy) can be constructed for each resource.

By definition, theexergy (ability of doing reversiblework)
is not conserved in a process. the total exergy of inputs
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equals the total exergy of outputs (including waste prod-
ucts) plustheexergy lossesduetoirreversibility. Quantify-
ing the exergy lossesduetoirreversibility (which depends
on deviations from an ideal, reversible case) for a pro-
cess offers a way to calculate how much of the resource
and economic cost of a product can be ascribed to the
irreversibility affecting the specific technological device
that isused (asin exergoeconomics as described by M. A.
Lozano and A. Vaero in 1993 and A. Lazzaretto and col-
leaguesin 1998), as well asto figure out possible process
improvements and optimization procedures aimed at de-
creasing exergy losses in the form of waste materials and
heat. Exergy lossesdueto irreversibilitiesin aprocess are
very often referred to as “destruction of exergy.”

Szargut, in 1998, suggested that the “cumul ative exergy
consumption” required to make agiven product could bea
measureof theecol ogical cost of the product itself. Finally,
R. U. Ayresand A. Masini,l in 1998, have suggested that
“there is a class of environmental impacts arising smply
from uncontrolled chemical reactionsin the environment
initiated by the presence of ‘reactive’ chemicals. Thefor-
mation of photochemical smog in the atmosphere is one
example. ...” Exergy may therefore be a useful tool for
potential harm evaluation, but requires further investiga-
tions for quantitative analyses of thistype.

After exergy accounting has been performed, we re-
mainwith exergy efficiency indicators (bout/bin, Bwaste/bin,
bin/unit of product) that can be used for optimization and
cost-allocation purposes.

VI. PUTTING PROBLEMS IN
A LARGER PERSPECTIVE

Optimizing the performance of a given process requires
that many different aspects be taken into account. Some
of them, mostly of atechnical nature, relate to the local
scale at which the process occurs. Other technological,
economic, and environmental aspects are likely to affect
the dynamics of the larger space and time scalesin which
the process in embedded. These scale effects require that
a careful evaluation be performed of the relation between
the process and its “surroundings” so that hidden conse-
quences and possible sources of inefficiencies are clearly
identified.

A. Factors of Scale and System Boundaries

It is apparent that each evaluation (mass, energy, and
exergy-flow accounting) can be performed at different
space scales. In Fig. 1 we assume that we are evaluating
a power plant, with natural gas used to produce elec-
tricity. The immediate local scale includes only plant
components and buildings. An input mass balance at this
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FIGURE 1 Schematic showing the hierarchy of space and time scales that should be considered when evaluating a
production process. W1 is the flow of usable waste materials that can be recycled within the economic process; W2
is the flow of waste materials released to the environment in a form that is not yet completely degraded. Flows to the
heat sink represent waste heat and materials that cannot be further degraded. Systems symbols after Odum, 1996.

scale (over the actual plant area for a time of one year)
should only include the actual masses of components
and building materials discounted over the plant lifetime
plus the fuel supplied. The same fraction of building
materials from decommissioning plus airborne emissions
should be accounted for as mass output. Similarly, an
energy balance should only account for input natural
gas and output electricity and waste heat. Asthe scaleis
expanded to theregional level [whatever theregional area
is, it should include the production process for machinery
components (boiler, turbine, insulating materials, etc.)
and plant building materials like concrete and stedl],
new mass and energy inputs must be taken into account.
For instance, the huge amount of electricity needed for
component manufacture from metals contributes heavily
to the energy cost, whilethe amount of fossil fuels needed
to produce the electricity remains assigned to the material
flow at the input side. If the scale is further expanded, the
mass of raw mineralsthat must be excavated to extract the
pure metals for making plant components may contribute
heavily to al of the caculated indicators [consider
the above examples of nickel ore or of iron, which is
25-30% raw iron ore]. At this larger scale, raw oil used
up in the extraction and refining of minerals and the il

itself must also be accounted for. It is a common and
somehow standardized practice to account for embodied
large-scale input flows while evaluating the process at
the local scale. In so doing the evaluation is more easily
done and results are summarized shortly. We do not
suggest this procedure, as large-scale processes may
hide local-scale performance and optimization needs. We
prefer to perform the evaluation at three different scales
(local, regional, and global), each one characterized by
well-specified processes (respectively, resource final
use, components manufacturing and transport, resource
extraction and refining), so that inefficiencies at each
scale may be easily identified and dealt with. The
larger the space scale, the larger the cost in terms of
material and energy flows (i.e., the lower the conversion
efficiency). If aprocess evaluation isperformed at asmall
scale, its performance may not be well understood and
may be overestimated. Depending upon the goal of the
investigation, a small-scale analysis may be sufficient
to shed light on the process performance for technical
optimization purposes, while a large-scale overview is
needed to investigate how the process interacts with
other upstream and downstream processes as well as
the biosphere as a whole. Defining the system boundary
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and making it clear at what time scale an assessment is
performed is therefore of paramount importance, even
if the scale of the assessment is sometimes implicit in
the context of the investigation. It is very important
to be aware that a “true” value of net return or other
performance indicators does not exist. Each value of
a given indicator is “true” at the scale at which it is
calculated. When the same value is used at a different
scale, it does not necessarily become false. It is, however,
out of the right context and inapplicable.

Finally, how isthetime scale accounted for in aprocess
evaluation? The simplest case is when we have inputs,
whose lifetime exceeds the time window of the analysis.
For instance, assets in a farm have a lifetime of about
20-25 years, agricultural machinery never lasts morethan
about 10 years, whilefertilizersand fuel sare used up soon
after they are supplied to the process. It is therefore easy
to transformlong-lifeinputsinto annual flowsby dividing
by their lifetime (in years).

Another and perhaps more important time scaleis hid-
denintheresources used, that is, thetimeit takesto make
agiven resource. When we use ail, it is not the extraction
time or the combustion time that makes the difference
but rather the very long time it took for crude ail for-
mation in the deep storages of the earth crust. It is this
time that makes oil a nonrenewable resource. Similar ar-
guments apply to other resources, so that we may distin-
guish between renewable, slowly renewable, and nonre-
newable resources. Turnover time (i.e., thetimeit takesto
replace aresource) isoften agood measure of resourcere-
newability. An effort to go beyond the concept of turnover
timein resource evaluationsistheintroduction of emergy-
accounting procedures. This approach is dealt with in the
following section. It is an attempt to place a value on re-
sources by calculating the environmental work and time it
took to supply a given resource to a user process. Emergy
has been suggested as an aggregated measure of environ-
mental support from present (space scale) and past (time
scale) activities of the ecosystem. Thisimportant concept
is discussed in succeeding sections.

B. Life-Cycle Assessment

As aready pointed out, careful material and energy as-
sessments at different space-time scales are prerequisites
for a good description of process dynamics. Assessing
material and energy input and output flows is the basis
for evaluations of an environmental disturbance generated
by withdrawal of resources and release of waste, as well
as energy costs associated with resource processing and
disposal. Life-cycle assessment (LCA) methodologiesare
used to assess environmental impacts of a product (or a
service) from “cradle to grave” or better “from cradle to
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cradle,” including recycle and reclamation of degraded en-
vironmental resources. More than a specific methodol ogy,
LCA isacooperative effort performed by many investiga-
tors throughout the world (many working in the industrial
sectors) to follow the fate of resources from initial ex-
traction and processing of raw materials to final disposal.
Different approaches have been suggested, thousands of
papers published, and meetings organized. This effort is
converging toward developing standard procedures or at
least acommon framework that will make procedures and
results comparable. SETAC (the International Society for
Environmental Toxicology and Chemistry) has created a
steering committeeto “identify, resolve, and communicate
issues regarding LCAs (and to) facilitate, coordinate, and
provide guidance for the development and implementa-
tion of LCAS” In aseries of workshops between 1990 and
1993, SETAC devel oped a““codeof practice” to beadopted
as a commonly agreed procedure for reliable LCAs. Ac-
cording tothiscode, L CA investigations should bedivided
into four phases. Goal Definition and Scope, Inventory,
Impact Assessment, and Improvement Assessment. The
SETAC standardization trial has been followed by a ro-
bust effort of the International Standard Office in 1997
and 1998 to develop a very detailed investigation proce-
dure for environmental management, based on LCA, and
for a comparable quality assessment. The International
Standard clearly “recognizes that LCA is till at an early
stage of development. Some phases of the LCA technique,
such as impact assessment, are till in relative infancy.
Considerablework remainsto be done and practical expe-
rience gained in order to further develop the level of LCA
practice”” The SO documents suggest clear and standard
procedures for descriptions of data categories, definitions
of goalsand scope, statements of functions and functional
units, assessments of system boundaries, criteriafor inclu-
sionsof inputsand outputs, dataquality requirements, data
collections, calculation procedures, validations of data, al-
locations of flows and releases, reuse and recycling, and
reporting of results. Nowhere in the ISO documentsis a
preference given to a particular approach. LCA is sug-
gested as a standardized (and still to be improved) frame-
work, where most of the methodologies aready devel-
oped for technical and environmental investigations may
be included and usefully contribute. This last statement
is of fundamental importance, as it gives LCA a larger
role than was recognized in earlier steps toward devel op-
ment. LCA may become a preferred pattern for replacing
thousands of evaluations of case studies that are not com-
parable, sincethese may have had different boundaries (or
did not describe a boundary at all), different approaches,
different foci, different calculation procedures, different
functional units, different measure units. It is no wonder
that environmental and energy assessments have not yet
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been accepted as a required practice in resource policy
making. Standardization of proceduresisakey featurein
making significant progress toward policy and economic
relevance of environmental assessments.

C. Accounting for (Donor-Side) Resource
Quality: The Emergy Approach

It takes roughly® 1.25 g of crude oil to make 1 g of refined
oil inatypical refinery process; it takes 3 Jof refined il to
supply 1 Jof electricity inatypical power plant. Therefore,
it takes about 3.8 Jof crude ail to supply 1 Jof electricity
for Carnot-efficiency-limited conversionsin current prac-
tice. Some additional oil isalso invested in machinery and
other goodsthat are components of the refinery and power
plant. Qil is also needed to transport components. The ail
energy that hasbeeninvestedintheoverall production pro-
cessisno longer available. It has been used up and is not
contained in the fina product. The actual energy content
or availability (measured as combustion enthalpy, H.H.V.,
L.H.V., exergy, etc.) of the product differs from the total
input oil energy (or exergy) because of losses in many
processes leading to the final product. This required total
energy in the form of crude oil equivaent is sometimes
referred to as “embodied energy” by energy analysts, al-
though it may also be simply referred to as the sum of
usable and lost energy in product manufacture. Embodied
exergy has been suggested as another useful term.

1. From Embodied Exergy to Emergy

While aconservation law (first law) always appliesto the
total energy content of aresource, such alaw isobviously
not applicable to the embodied energy (exergy) concept.
As defined, the embodied energy (exergy) of ausable re-
sourceis ameasure of the sum of the product energy (ex-
ergy) and the energy (exergy) previously used up to make
the product available. The same product may be produced
via different production pathways and with different en-
ergy (exergy) expenditures depending on the technology
used and other factors. The embodied energy (exergy) as-
signed to an item does not depend only on the initial and
final states, but also on boundary conditionsthat may vary
from case to case and are strongly affected by the level
of processirreversibility. If wewere ableto usereversible
processes from the raw resourcesto the final products, we
would, of course, abtain the optimal value of the embod-
ied energy (exergy). Unfortunately, thisisnot the case and
we therefore remain with sets of values that may be aver-
aged or given as arange of values. Embodied energy (ex-
ergy) agebraistherefore more a“memory algebra” than a

5All numbers are approximate.
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“conservation algebra.” It isaprocess-dependent estimate
which may vary significantly for a given product.

However, resources are aways available in a limited
supply. When achain of processesisinvestigated to assess
the actual resource investment that is required, we may
need to quantify therelation of resourceswith the environ-
mental work which supportsthem. In other words, agiven
resource might require alarger environmental work than
others. Theuse of such aresourcemeansalarger appropri-
ation of environmental support and services, and may be
assumed as a measure of sustainability and/or pressure on
the environment by the system. As afurther devel opment
of these ideas, Odum has introduced the concept of form
emergy$, that is, “the total amount of exergy of one kind
that isdirectly or indirectly required to make agiven prod-
uct or to support a given flow.” We may therefore have an
oil emergy, a coal emergy, etc., according to the specific
goal and scale of the process. In some way, this concept of
embodiment supports the idea that something has avalue
according to what was invested into making it. This way
of accounting for required inputsover ahierarchy of levels
might be called a “donor system of value,” while exergy
analysisand economic evaluation are “receiver systems of
value” (i.e., something has avalue according to its useful-
ness to the end user).

The focus on crude oil and other fossil fuels (solar en-
ergy stored by ecosystem work) as prime energy sources
is very recent in human history. Because we need and
pay for these energy sources, we worry about possible
shortages. Before fossil fuels were used, the focus was
on free, direct solar radiation as well asindirect solar en-
ergy in the form of rain, wind, and other environmental
sources. Everybody was well aware that the availability
of direct and indirect solar energy was the main driv-
ing force of natural ecosystems and human societies as
well. H. T. Odum therefore switched his focus from the
interface human societies-fossil storages to the interface
human societies-environment, identifying the free envi-
ronmental work as the source of each kind of resource
supporting human activities.

Expanding the scale of the investigation requires the
concept of oil emergy to be expanded to solar emergy,
ameasure of the total environmental support to all kinds
of processes in the biosphere by means of a new unit,
the solar emergy joule. This new point of view aso ac-
counts for energy concentration processes through a hier-
archy of processes that are not under human control and
may therefore follow adifferent optimization pattern than
humans do. Human societies (deterministic and product
oriented in their strategies) usually maximize efficiency,

5The name emergy and a valuable effort at developing the emergy
nomenclature were provided by D. Scienceman in 1987.
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short time-scalereturn oninvestment, employment, profit,
and one-product output. At the other end, natural processes
are stochastic and system-oriented and are assumed to try
to maximize the utility of the total flow of resources pro-
cessed through optimization of efficiencies and feedback
reinforcement.

2. Solar Emergy—Concepts and Definitions

The solar emergy is defined as the sum of al inputs of so-
lar exergy (or equivalent amounts of geothermal or grav-
itational exergy) directly or indirectly required in a pro-
cess. Usually theseinputsare produced by another process
or sequence of processes, by which solar emergy is con-
centrated and upgraded. In mathematical terms, the solar
emergy Em assigned to a product is defined as

Em=///8(k,t,0)dkdtd0',

wheree (1, T, o) isthetotal exergy density of any sourceat
thesoil level, depending onthetime t andland areas over
theentirespaceandtimescalesinvolvedintheinvestigated
process. In principle, it also depends on the wavelength A
of the incoming solar radiation. Sources that are not from
solar source (like deep heat and gravitational potential) are
expressed as solar equivalent energy by means of suitable
transformation coefficients.

The amount of input emergy dissipated (availability
used up) per unit output exergy is called solar transfor-
mity. For investigators who are used to thinking in terms
of entropy, the transformity may aso be considered as
an indicator of entropy production, from which the total
entropy produced over the whole process can be in prin-
ciple calculated. The solar transformity (emergy per unit
product) is a measure of the conversion of solar exergy
through a hierarchy of processes or levels; it may there-
fore be considered a““quality” factor which functionsas a
measure of theintensity of biosphere support for the prod-
uct under study. The total solar emergy of a product may
be expressed as

solar emergy (seJ) = exergy of the product (J)
x cornversion factor (solar transformity in seJ/J).

Solar emergy is usually measured in solar emergy joules
(seJ), while the unit for solar transformity is solar emergy
joules per joule of product (seJ/J). Sometimes emergy per
unit mass of product or emergy per unit of currency isalso
used (sed/g, seJ/$, etc.). In so doing, all kinds of flowstoa
system are expressed in the sameunit (seJ of solar emergy)
and have a built-in quality factor to account for the con-
version of input flows through the biosphere hierarchy. It
is useful to recall that emergy is not energy and therefore
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it is not conserved in the way that energy is. The emergy
of a given flow or product is, by definition, a measure of
the work of self-organization of the planet in making it.
Nature supplies resources by cycling and concentrating
matter through interacting and converging patterns. Since
there is energy in everything including information and
since there are energy transformationsin all processes on
earth and possibly in the universe as well, all these pro-
cesses can be regarded as part of an energy hierarchy. All
these energy transformationsare observed to be connected
to others so as to form a network of energy transforma-
tions, where many lower components support afew units
at higher hierarchical position. A part of this work has
been performed in the past (viz., production of fossil fu-
els) over millions of years. A part is the present work of
sel f-organi zation of the geobiosphere. The greater theflow
that is required, the greater the present and past environ-
mental costs that are exploited to support a given process
or product.

Accordingtotheprocessefficienciesalong agiven path-
way, more or less emergy might have been required to
reach the same result. The second law of thermodynamics
dictates that there is alower limit below which the prod-
uct cannot be made. Thereis also some upper limit above
which the process would not be feasible in practice a-
though, in principle, one could invest an infinite amount of
fuel in a process and thus have an infinitely high transfor-
mity. Average transformities are used whenever the exact
origin of aresource or commodity isnot known or whenit
is not calculated separately. It follows that: (1) Transfor-
mities are not constants nor are they the samefor the same
product everywhere, since many different pathways may
be chosen to reach the same end state. (2) Emergy isnot a
point function intheway energy and other thermodynamic
state functions are. Its val ue depends upon space and time
convergence, as more emergy is used up (and assigned to
theproduct) over apathway requiring ahigher level of pro-
cessing. The emergy value has a “memory” of resources
invested over al processes|eading to aproduct. Whilethe
exergy content of a given resource indicates something
that is still available, the emergy assigned to a given item
means something that has aready been used up and de-
pends upon the processes followed in making the product.
Thislast characteristicisshared with the embodied exergy
and cumul ative exergy consumption concepts, asit comes
out of the different irreversibilities that characterize each
pathway. (3) Optimum performance for specified external
constraints may be exhibited by systems that have under-
gone natural selection during along “trial and error” pe-
riod and that have therefore self-organized their feedback
for maximum power output. Their performance may result
in optimum (not necessarily minimum) transformity.
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Transformities are a very central concept in emergy
accounting and are calculated by means of preliminary
studiesfor the production process of agiven good or flow.
Values of transformities are available in the scientific lit-
erature on emergy. When a large set of transformities is
available, other natural and economic processes can be
evaluated by calculating input flows, throughput flows,
storages within the system, and final products in emergy
units. After emergy flows and storagesin aprocessor sys-
tem have been evaluated, it is possible to calculate a set of
indices and ratios that may be suitable for policymaking.

Emergy asdefined here provides emergy indicatorsthat
expand the eval uation processto the larger space and time
scales of the biosphere. While the emergy approach is un-
likely to be of practical use in making decisions about
the price of food at the grocery store or the way a pro-
cess should beimproved to maximize exergy efficiency at
thelocal scale, its ability of linking local processes to the
global dynamics of the biosphere may provide avaluable
tool for adapting human driven processes to the oscilla
tions and rates of natural processes. As pointed out in
Section V, this may be a useful step toward developing
sustainable patterns of human economies.

VII. CASE STUDY: INDUSTRIAL
PRODUCTION OF SOLID OXIDE
FUEL CELLS AND HYDROGEN

Mass, energy, exergy and emergy accounting, when used
together, provideavaluabletool for multicriterialife-cycle
assessment. Data from Tables |1 to VII may help clarify
how system performance may be investigated. The tables
refer to electricity production by using solid oxide fuel
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cells (SOFCs). Fuel cells (FCs) run on hydrogen that can
be produced within the cell (internal reforming) if natu-
ral gas or other fuels are supplied. Hydrogen can also be
supplied directly (from external reforming or water elec-
trolysis). We have investigated both FC production and
operating phases and hydrogen production from natural
gas via steam reforming and from water via electrolysis
to calculate a set of performance parametersthat could be
used to support decision making about thisinnovative and
developing technology. Figure 2 shows diagrams of the
two investigated pathways for hydrogen production.

Thequestionsto beansweredrelateto energy efficiency,
irreversibility of process steps, material demand asamea
sure of environmental disturbance, and ecologica foot-
print as a measure of environmental support. We need a
procedurethat differentiates processesto support planning
and decision making.

A. Solid Oxide Fuel Cells

A fuel cell isan electrochemical devicefor converting the
chemical energy of afuel directly into electricity, without
theefficiency lossesof conventional combustion processes
which are constrained by the Carnot limit. In principle, the
conversion efficiency is 100% for FCs, whileit is around
35-40% for the Carnot conversion at the temperatures
used. In real cases, efficiencies of FCs are lowered by
the requirements of other plant components, such as re-
forming and preheating phases as well asirreversibilities
affecting the process.

A fuel and an oxidizing gas are involved. The fudl is
hydrogen which is oxidized at the anode according to the
reaction H, — 2H™ + 2e~. Positiveions migrate from the
anode to the cathode through the electrolyte conductor

TABLE Il Mass Balance for a Solid Oxide Fuel Cell. Production and Use of a Single Cell?

Material input
Oil requirement per unit of
Amount per unit product CO, NO,
Product produced of product (including oil) emissions emissions
Anode 0559 369 g/g 3320 g/g 1170 9/g 4.89/g
Cathode 0559 451 g/g 3850 g/g 1400 g/g 5.79/g
Electrolyte 1609 1087 g/g 9550 g/g 3460 g/g 14.2 g/g
Interconnector 25.009g 259/g 192 g/g 79.19/g 8.1g/g
Total cell 27709 102 g/g 16900 g/g 322 g/g 1.39/g
Electricity? 192 kWh 214 g/kWh 4250 g/lkWh 578 g/kWh 1.1 g/lkWh

aUlgiati et al., 2000.

b Including the fractions of energy and matter expenditures for the whole plant. The data account for all input
flows, from extraction of raw material sto processing and final production of electricity (seethetext, SectionVII.A).
A fraction of inputsfor stack and plant manufacturing isal so accounted for and assigned to the cell when evaluating

the production of electricity.
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FIGURE 2 Energy systems diagrams of hydrogen production processes: (a) steam reforming of natural gas; (b)

water electrolysis.

of the cell, while electrons migrate through the outside
circuit to the cathode where the oxidizing gasis reduced
according to the process O, + 4e~ — 20?~. The overall
reaction is 4H* 4 20%~ — 2H,0, so that emissions con-
sist mainly of water vapor. Fuel cellsalso operate on fuels
other than hydrogen (CH,4, methanol, gasoline, etc.). In
this case, preliminary reforming (oxidation) is needed to
convert the fuel primarily to hydrogen and carbon diox-
ide. The electric output of afuel cell isin theform of cur-
rent (DC) that isusually converted into alternating current
(AC) before use. Our investigation deals with the whole
process, from extraction of raw resourcesto production of
electricity inthe FC power plant. Reforming of natural gas
and preheating of input air and fuel are also accounted for.
L ocal-scal e eval uation includes preheating of input gases,
reforming of CH,4, and conversion of H, to electricity.
Downstream combustion of CH,4, CO, and H> in exhaust
gasesisasoincluded, asit provides heat to the preheating
step and other uses. Regional-scale evaluation includes
components manufacturing and transport. Finally, global
biosphere-scale assessment includes additional expenses
for extraction and refining of raw resources. Performance
values calculated at the local scale are always higher than
those calculated at larger scales. Performance indicators
are also affected by the assumptions made for natural gas
production costs. Available energy-cost estimates for nat-
ural gas are in the range 1.10-1.40 g of oil equivalent
per gram of natural gas and depend on the location and

the way natural gasis extracted, refined, and transported.
These values affect the energy ratio and the material bal-
ance of our case study (the higher the energy cost thelower
the performance). Our calculated data refer to an energy
cost equal to 1.1 g of il equivalent per gram of natural gas.

Table Il shows an overview of material and energy per-
formance of the cell componentsaswell as of thecell asa
whole, including the el ectricity produced. Electrolyte pro-
duction appearsto bethe most oil-intensive component, as
well asthemost mass-intensive and CO; rel easing compo-
nent. The oppositeistrue for the interconnector. Globally,
it takes 214 g of crude oil equivalent to produce one kWh
of electricity. In addition to this direct and indirect fuel
input, it takes about 4 x 10° g of other material inputs of
different nature (minerals, oxygen, etc.) per kWh of elec-
tricity delivered. Energy datafrom Tablelll show aglobal
efficiency of 40.25%, which is a relatively good perfor-
mance compared with other fossil-fueled power plantsin-
vestigated (Table IV). The energy efficiency of the single
cell alone is the ratio of delivered electricity (192 kWh)
to the energy of the hydrogen input from the reformer
(7.5 x 108 J), yielding avalue of 92% which isvery close
to the theoretical maximum. This clearly indicates that if
hydrogen could be produced in ways different than steam
reforming (for instance, electrolysis from excess hydro-
electricity or high-temperature catalysis), FCs may be-
come a very effective way of producing electricity. The
transformity, that is, the environmental support for the
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TABLE lll Energy and Emergy Accounting for a Solid Oxide Fuel Cell. Production and Use Refer

to a Single Cell?

Energy Emergy assigned Emergy assigned
Amount requirement per to a unit of product, to a unit of product,
of item unit of product with services without services
Product produced (MJ/unit) (x1012) (x1012)
Anode 0559 15.45 1.37 seJ/g 1.08 seJ/g
Cathode 0559 18.91 1.20 sedg 1.03 seJ/g
Electrolyte 1609 45.62 3.06 seJg 2.77 s2Jg
I nterconnector 25.009g 1.04 0.23 s2Jg 0.06 seJg
Total cell 27.709 4.26 0.91 selg 0.26 selig
Electricity® 192 kWh 8.94 0.57 seJkWh 0.48 seJkWh
Transformity, Transformity,
Output/input with services without services
electric efficiency (x10%) (x10%)
n = 40.25% 1.59 seJ/J 1.32s3J

aUlgiati et al., 2000.

b Including the fractions of energy and matter expenditures for the whole plant. The data account for all input
flows, from extraction of raw material sto processing and final production of electricity (seethetext, SectionVII.A).
A fraction of inputsfor stack and plant manufacturing isalso accounted for and assigned to the cell when evaluating
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the production of electricity.

process, calculated without including labor and services,
is 1.32 x 10° seJ/J, while inclusion of labor and services
yields a higher value of 1.59 x 10° seJ/J (Table I11). The
difference (0.27 x 10° seJ/J, i.e., 17% of the total value)
isameasure of the fraction depending upon the labor and
services cost in the country, i.e., a measure of the “eco-
nomic part” of the process. Thisfraction might belower in
a different economic context with lower labor costs. The

TABLE IV Performance of Solid Oxide Fuel Cell System,
Compared with Selected Electricity Power Plants?

CO;, emissions Transformity

per unit of without including
Source of Output/input product services
electricity energy ratio (g/kWh) (x10* seJ/J)
Geothermal 20.76 655 14.0
energy
Hydroelectric 14.02 19 6.10
power
Wind 7.67 35 5.89
MCFCP¢ 0.43 561 14.1
SOFC*® 0.40 578 13.2
Natural Gas 0.35 766 145
Qil 0.30 902 14.9
Cod 0.25 1084 13.0

aUlgiati et al., 2000.

b Molten Carbonate Fuel Cells.

Including reforming of natural gas. In principle, fuel cells are ex-
pected to show the highest overall efficiencies. These arelowered inreal
plantsby the up-stream reforming process, duetolossesin theconversion
to Hz and the need for preheating of input gases.

emergy input from natural gas accounts for about 76% of
the total, while the emergy of technological inputs (the
stack of fuel cells and other devices plus process energy)
only accounts for about 7%. The technological fraction
might change over time, depending on technological im-
provements. However, the contribution of the fuel (76%)
is not likely to change. This means that the value of the
calculated transformity can be assumed to be very sta
ble and only a small percentage may change depending
on variations in the economy and technology. The small
fraction of “technological emergy” might appear negli-
gible when compared with the high input of emergy in
the fuel. However, it isnot negligible at the regional scale
where cell components are manufactured and cells assem-
bled. Improvements at this level would affect the perfor-
mance and balance of the cell-manufacturing plant, and
therefore trandate into an advantage to the producer and
the regional environment. The results derived from the
datain Tables Il to 1V are the following: (1) Additional
effort is needed to decrease the energy and materia in-
tensity of electrolyte production. (2) SOFC emissions of
CO; arelower than emissions of other fossil-based power
plants. (3) Indirect resource flows supporting labor and
services do not appear to be important (emergy) inputsto
thistechnology. (4) At thelarger biosphere scale, FC oper-
ation affects overall performance more than construction.
At theregional scale, construction inputsareimportant for
agiven design. At thislevel, an exergy evaluation may be
needed to obtain optimized production patterns. (5) The
electric energy efficiency of SOFCsis greater than the ef-
ficiencies of other fossil-fuel power plants investigated.
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TABLEV Performance of a Single SOFC Evaluated at Differ-
ent Scales, from Local to Global®P

Local Regional Global

Index scale scale scale
Material input per unit of 3250 3390 4250
product (g/kWh)
CO,, released per unit of 379 409 578
product (g/kWh)
NO, released per unit of 0.11 0.23 1.07
product (g/kWh)
Energy efficiency, whole FC 54.67 51.54 40.25
plant (%)

Transformity of electricity 1.32x10° 1.32x10° 1.32x10°
produced, without including

services (seJ/J)

aUlgiati et al., 2000.

b Including reforming of natural gas. In principle, SOFC cells are
expected to show the highest overall efficiencies. These are lowered
in real plants by the up-stream reforming process, due to losses in the
conversion to H, and the need for preheating of input gases.

(6) The transformity of electricity from SOFCs (i.e., the
environmental support per unit of product energy) isinthe
same order of magnitude than that for electricity produc-
tion from conventional fossil-fuel power plants(TablelV)
and higher than that from nonfossil sources. Thisismostly
due to energy inputs for upstream steps of reforming and
preheating of input gases. These steps should be carefully
studied toimprovetheir efficiencies. However, it should be
emphasized that fossil-fuel power plants are optimized by
use, while FCs till are at a demonstration or precommer-
cial stage, with large potential for improvement. Table V
shows that performance indicators depend on the scale of
the investigation as we emphasized in Section VI.A. For
the sake of simplicity, we refer only to data at the global
scalein Tables 1l to IV.

Preliminary results from asimilar study on molten car-
bonate fuel cells (MCFCs) compared with SOFCs show a
higher output/input energy ratio (42.7%), a higher trans-
formity (1.41 x 10° seJ/J) and lower CO, emission (561 g
CO,/kWh) for the whole plant system (Table V).

B. Industrial Production of Hydrogen Fuel

Tables VI and VII present some results from an LCA
for hydrogen production by means of natural-gas steam-
reforming and alkaline electrolysis. The two technologi-
cal pathwaysto hydrogen have been investigated by using
mass, energy, exergy, and emergy accounting.
Steam-reforming shows quite good energy and exergy
conversion efficiencies, 46 and 42%, and a solar transfor-
mity of the expected order of magnitude (1.15 x 10° seJ/J
of hydrogen, labor and services included). Steam-
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reforming supplies hydrogen to fuel cells. The previously
discussed evaluation of SOFCs hasyielded atransformity
of about 1.59 x 10° seJ/J of electricity delivered. If we
consider that an SOFC module operates in a two-step
process (natural-gas reforming and electrochemical con-
version in a cell) alower transformity for the reforming
process aone is perfectly consistent with SOFC data.
Alkaline electrolysis shows lower performance due to
the fact that the production of electricity is performed by
conventional combustion of natural gas at 39% efficiency.
This is the bottleneck of the process, whose global
efficiency is quite good at 40% due to the better perfor-
mance of the water-splitting process. The oil-equivalent
input per unit of product as well as CO, emission (other
chemicalsreleased are not shown) do not show significant
differences between the two processes. Instead, it may
appear surprising that there is a huge difference in the
total material demand per unit of output, which is four
times higher in the steam-reforming process. The reason
is the huge water consumption, for both natural gas
oxidation and cooling. Weter is a cheap resource that can
still be obtained at low energy cost. There is no evident
reason to design a process that saves water, because
no one perceives this problem as crucial. However, if
hydrogen is to become the favorite energy carrier for
many uses, the shortages of water foreseen for the next
decades may become limiting factors in some countries.
Water supplies may become a research priority that is
more important than the need for raising the already
good energy and exergy efficiencies. Finally, alkaline
electrolysis requires environmental support that is greater
than for steam-reforming or electricity production from
SOFCs, as is clearly shown by the higher transformity.
This makes akaline electrolysis a less decidable step
toward the production of hydrogen as afuel.

Our case studies provide both performance data and
identification of bottlenecksfor theinvestigated processes.
Improvements can be made at different scales by look-
ing at the values of the calculated indicators and design-
ing technological changes where appropriate. It appears
from our case studiesthat none of the methodol ogies used
provides a comprehensive, multiscale assessment. Their
combined use leadsto synergistic resultsthat are useful in
decision making about these nonconventional processes.

VIIl. A BASIS FOR VALUE

Investigating a system performanceis by itself avery dif-
ficult task, due to the complexity of the problems that
are alwaysinvolved. When asimplified model is adopted,
thisis certainly a way to address part of the problem at
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TABLE VI Energy Evaluation of Hydrogen Production from Natural-Gas Steam-Reforming

and from Alkaline Electrolysis?

Amount of Solar

hydrogen Output/input Exergy transfor mity

Production process produced (g/yr) energy ratio efficiency (x10° s2/J)
Natural-gas steam-reforming 7.18 x 10° 0.46 0.42 115
Alkaline electrolysis? 1.94 x 101 0.40 0.38 1.74

a Ulgiati et al., 2000.

b The electricity is produced with in the plant using natural-gas combustion.

the cost of leaving unsolved another part of it. Depending
upon the goal of the investigation, this might be a very
useful procedure.

Investigators very often run the risk of neglecting the
complexity of the problem and taking their model for the
reality. As a consequence, they assign a value to a pro-
cess product according to the results of their simplified
investigation. The outcome of this evaluation process is
then used in other following evaluations and trandated
into economic and policy actions. In so doing, the com-
plexity is lost: the reality does not fit the model and the
planned policy fails or isinadequate.

Complexity and the consequent difficult task of reach-
ing agreement on a decision can be shown by means of
asimple example that recalls the paradoxes already cited
in Section Il. Assume that | commute every day due to
my job and that a friend of mine does the same. The bus
takes one and a half hours. We spend half an hour reading
our newspapers, then we talk for a while, until we reach
our destination. To save money and the environment, we
decide to purchase only one newspaper and take turns
reading it, one reading the paper, while the other onetalks
with other passengers or is involved in other reading. We
save therefore about 20 newspapers per month, that trans-
lates into a savings of about U.S.$7 each. We feel that
we are generating a lower pressure on the environment
(fewer trees are cut for papermaking, lessink is used, less

garbage is to be disposed of ). At first glance, it seems
that our approach aimed at saving money and resources
works well. We might also decide to purchase two dif-
ferent newspapers and read both of them while traveling,
thereby gaining insight into different political opinions.
The decision about these two alternatives has no rootsin
any biophysical analysis; it isjust adifferent approach for
a different return on investment. Thus we may get two
copies of the same newspaper, two different newspapers,
one shared newspaper plus additional goods purchased
with the saved money.

Atthelocal scaleof our personal life, wefind thefollow-
ing consequences: (1) wewill have more money available
and may decide to purchase a magazine each week; (2)
wemay invest thismoney into drinking more coffee at the
cafeteriaof thetrain station, which will possibly affect our
health and therefore the health care bill at the personal and
national levels (the process of coffee-making may have a
larger environmental impact than paper-making); (3) aswe
read at different times, we talk less during travel and we
therefore have a reduced exchange of ideas and personal
feelings. When we expand the scale to take into account
other possibl e advantages (or disadvantages) generated by
our action, we find: (4) the decrease in newspaper sales
may cause a decrease of jobs in the sectors of paper and
newspaper making and the government will berequired to
invest money to support this activity; (5) the government

TABLE VII Mass-Flow Evaluations for Hydrogen Production from Natural-Gas Steam-

Reforming and from Alkaline Electrolysis®

Amount of  Oil requirement  Material input per  CO; emissions

hydrogen per unit of unit of product per unit of
produced product (including ail) product
Production process (glyr) (g/gHyz) (g/gH2) (9/gHz2)
Natural-gas steam-reforming ~ 7.18 x 108 7.44 196° 24.18
Alkaline electrolysis® 1.94 x 1011 8.60 47d 30.84

aUlgiati et al., 2000.

b The electricity is produced within the plant using natural-gas combustion.
¢ Mostly due to the very high requirement of process and cooling water.

d Mostly due to the requirement for process water.
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may get less revenue from taxing the newspaper business
aswell asfromtaxing adecreased number of workers; (6) a
reduced environmental pressureisgenerated by the down-
sizing of the newspaper sector, but an increased pressure
results from our investment of money in other sectors. We
do not know which one of the two alternatives is worse
unless a careful evaluation is performed. It is very hard
to reach a balance among these different gains and losses.
Maybe someof theseinterestsareirreducibletoacommon
optimization pattern. In any case, whatever we do affects
the environment in a measure that is partially predictable
by means of a careful biophysical analysis.

Let us now assume that we have developed a well-
standardized multicriteria, multiscale procedure for the
biophysical and environmental evaluation of a process
or for the development of the whole economy. We re-
tain many unsolved problems that call for new aspects
and values affecting the process of decision making. Let
us consider the case of the Maheshwar hydroelectric dam
(NarmadaValley, State of MadhyaPradesh, Central India),
asdescribed by the Indian writer Arunhati Roy in her 1997
best-seller “The God of Small Things.” One of the largest
hydroelectric projects in the world will make the village
of Sulgaon and 60 other villages disappear, while 40,000
people will have to move somewhere else. A fertile area,
filled with cultural and social traditionsand agood level of
economic development based on agriculture (sugar cane,
cotton, cash crops), will become an artificial lake to sup-
port the dam turbines. A political and legal controversy
is now in progress. What is the problem here? There is
no doubt that the people have the right to live in the area
where they were born, where they have ahome and ajob,
wherethey havetraditionsand social structures, etc. There
isno doubt that forcing themto movewill cause social dis-
ruptions and the collapse of that part of the economy that
is supported in this area. On the other hand, there is no
doubt that the additional electricity available to the eco-
nomic system will support new activities, will create jobs
and wealth, and will eventually give rise to new villages
and social structures. It appearsthat thediverseprojections
are not reducible to an agreed upon strategy. No biophys-
ical theories of value appear to be able to determine the
process of decision making. The problem isnot only con-
version efficiency or environmental degradation, nor isit
apurely economic cost-benefit evaluation.

Thereisno way that an absol ute value can be put on an
item or astrategy for agiven approach becausethe concept
of value is scale- and goal-dependent. Of course, values
assigned to an item may fit the goals and scale of validity
of each approach very well. Thereis no consensus among
scientists on the whole set of approaches that is needed
for acomplete evaluation. Thisisnot necessarily bad, asit
leadsto cultural diversity. Asfor natura systems, diversity
isafundamental prerequisite for stability and progress.
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The commonly accepted economic belief isthat capital
and labor form the real basis of wealth. It does not assign
any specia value to resources and services that are sup-
plied for free by nature and therefore are not accounted
for by market mechanisms. This belief has been a source
of huge environmental degradation and is being gradually
abandoned by concerned environmental economists. As
previously pointed out, most eval uation systems are based
on utility of what is received from an energy transforma-
tion process. Thus, fossil fuels are evaluated on the basis
of the heat that will be received when they are burned.
Economic evaluation is very often based on the willing-
nessto pay for perceived utility. An oppositeview of value
in the biosphere could be based on what is put into some-
thing rather than what isreceived. | n other words, themore
energy, time, and materials that are “invested” in some-
thing, the greater its value. As a consequence of this last
statement, the source of resources and the way they are
used should always be carefully assessed and form the
basis of a new economic view that assigns an additiona
value, complementary to utility values, to something such
as natural services that have no market by definition.

We started this paper observing that both physical and
economic aspects are involved in the process of running
acar. We have stressed many aspects involved in the trial
for developing an acceptable unique theory of value that
is able to account for all aspects of a technological or
economic process. Shouldwekeep trying, by again getting
involved in this never-ending debate? In our opinion, more
fruitful research would deal with the nonreducibility of
different theories of value while searching for integration
and synergistic patterns.

Onthebasisof thisdiscussion, it can be concluded that:
(1) any evaluation process that is not supported by a pre-
liminary integrated biophysical assessment is not reliable
or usable. Biophysical theories providethe scientific basis
for choices by including productivity, climate, efficiency,
pollution, and environmental degradation scenarios. (2)
Biophysical assessments based on a single approach or
numeraire may have research value but are unlikely to
contribute to effective policy action. (3) After an inte-
grated biophysical assessment has been performed (i.e.,
the source of natural value is recognized), other values
(ethical, social, monetary, political, etc.) should be inte-
grated. The process of decision making will have to take
all of these into account, each fitting a different scale and
with different goals.

IX. CONCLUSIONS

A consensusis being devel oped on the urgent need for in-
tegrated and dynamic assessment tools. These are needed
both at the larger scale of the economy and at the local
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scaleof technol ogical processes. Among thelatter, energy-
conversion processes may be dealt with by using inte-
grated approaches, asis shown for the case studiesinves-
tigated in thisarticle. Theresults show thefeasibilitiesand
advantages of each energy process and provide compre-
hensive assessments for governments, industrial corpora-
tions, and the public, thereby leading to economically and
environmentally sound policies.

It may appear surprising that wehaveemphasizedinthis
paper the need for biophysical evaluation proceduresas a
fundamental and useful support tool in decision making
and, at the same time, we have not supported the possi-
bility of policy making when relying only on biophysical
theories of value. In our opinion, the two statements are
not contradictory. Asrepeatedly emphasizedinthisarticle,
the applicability of any evaluation depends on the space-
timescaleof theinvestigation and itsutility dependsonthe
(scale-related) goal of the study. When dealing with policy
actions involving human societies and short time scales,
values other than biophysical assessments are very likely
to affect governmental choices and trends, even if thereis
no doubt that in the long run human societies, as well as
any other self-organizing systems in the biosphere, will
be constrained by the availability of energy and resources.
Limits to growth have very often been claimed since the
publication of the Meadows’ report in 1972, which dealt
with the consequences of finite resource bases. Integrated
biophysical tools are needed to identify which constraints
affect the development of our societies as a whole. They
areal so hel pful in understanding how the uses of new tech-
nological toolsor developments are affected by these con-
straints. Biophysical evaluation procedures may provide
answerstolocal and short-time scale problems, while pro-
viding estimates of planetary and long-run consequences
of our actions.
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GLOSSARY

Fossil fuels Coals, petroleums, natural gases, oils from
shales and tar sands, methane hydrates, and any other
supplies from which hydrocarbons for energy applica-
tions may be extracted.

Fuels for nuclear breeder reactors These include U-238
and Th-232, which may be converted to fissile isotopes
(e.g., U-233, U-235, Pu-239, and Pu-241) as the result
of neutron capture.

Fuels for (nuclear) fission reactors The naturally occur-
ring fissile isotope U-235, as well as Pu-239 and Pu-241
produced by neutron capture in U-238 and U-233 from
Th-232.

Fuels for (nuclear) fusion reactors Deuterium-2 (which
occurs in water as HDO or D,0) and Li-6, which con-
stitutes about 7.4% of naturally occurring lithium.

Nonrenewable resources (nonrenewables) Resources
located on the planet with estimable times for exhaus-
tion at allowable costs and use rates.

Renewable resources (renewables) Usually defined as
extraterrestrial energy supplies such as solar resources,
but some authors include energy supplies of such
types and magnitudes that they will be available for
the estimated duration of human habitation on the
planet.

Reserves Energy supplies which are immediately usable
at or very close to current prices.

Resources The totality of energy supplies of specified
types that include reserves and may become usable in
time at competitive prices with improved technologies.

AN ASSESSMENT of energy reserves and resources is
properly made in the context of needs for an acceptable
standard of living for all humans. This approach may be
quantified by beginning with a discussion of current en-
ergy use in a developed country such as the United States,
noting ascertainable benefits from high energy-use levels,
estimating the possible impacts of a vigorously pursued,
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stringent energy-conservation program, and then defining
human needs for the estimated world population by 2050
on the assumption that population growth will level off
after this time. This is an egalitarian approach based on
documented benefits to humans of high levels of energy
use while asserting the right of all people everywhere to
enjoy the good life which technology has brought to the
beneficiaries of large energy supplies at acceptable costs
in a small number of developed countries. Of special in-
terest are reserves and resources with atime to exhaustion
that is commensurate with the very long time span which
we optimistically foresee for human existence on our
planet.

I. INTRODUCTION

A. Historical Perspective of Current
Energy-Use Levels in the United States

Per capita energy consumption in the United States cor-
responds to about 12 kW of thermal power used contin-
uously. This high level of continuous power use may be
appreciated by examining two examples of rapid power
consumption and the associated energy use.

Top power consumption for an elite athlete exceeds
2 kW (Smil, 1999, p. 90), whereas running a 100-m dash
in 10 sec requires a power level of 1.3 kW for a typical
world-class sprinter (Smil, 1999, p. XV, Table 5). Thus,
the power expenditure of a world-class sprinter, if main-
tained continuously, would be about afactor of 10 smaller
than that enjoyed by an average American.

Another striking example of how rapidly we consume
energy to attain the good life we take for granted may be
given by asking how many Frenchmen the disciplinarian
Finance Minister Jean Baptiste Colbert of King Louis
X1V (1643-1715) would have had to motivate in expend-
ing all of their usable energy for the King’s benefit to
alow Louis X1V to luxuriate at the energy-expenditure
level we have reached in the United States on the average.
A worker consuming 3000 cal/day and converting all of
the food energy input to useful work would have a power
output? of

(3000 cal/p-day) x (3.73 x 10~7 hp-hr/0.24 cal)
x (1 day/24 hr) = 2 x 10~ hplp,

where p stands for person and hp for horsepower. At
this power-output level per person, Colhert’s requirement
becomes

1The numerator and denominator in the fractions contained within
the middle set of parentheses both equal 1 J.
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(12kW) x (3.73 x 10~ hp-hr/2.78
x 107" kW-hr) /(2 x 10~ hp/p) = 80,000 p.

Thus, Colbert needed a veritable army of 80,000
Frenchmen who would convert all of their 3000-cal/day
food consumption into useful work for the king with
100% efficiency in order to provide him with the energy-
use opportunities enjoyed on the average by the people
of the United States.

B. Is a High Level of Energy Consumption
Necessary or Desirable for Human Welfare?

There are many definitions for the good life or desirable
standard of living. Demandsfor agood lifeincludelow in-
fant mortality at birth, good health, long life expectancy,
high per capita income levels to allow purchase of the
many goods and services we take for granted in the devel-
oped part of theworld, aclean and attractive environment,
good educational opportunities, the needed time for and
accesstomajor cultural events, etc. Therehasbeenastrong
historical correlation everywhere between per capita in-
come and energy use on the one hand and between all
of the desired amenities and income on the other, i.e. the
level of energy consumption is a direct determinant of
the standard of living defined in terms of the specified
benefits. Two notable examples are reductions in infant
mortality from about 150 per 1000 for undevel oped coun-
trieswith low energy-use-rate levels to fewer than 15 per
1000 in the United States and a corresponding increasein
life expectancy from about 40 yearsto nearly double this
number. The gradual introduction of energy efficiency im-
provements may briefly disrupt historical trends, but has
always been overwhelmed over the longer term by new
discoveries providing new amenities and hence escalating
energy consumption.

Weshall ignorethehistorical record and assumethat we
can achieve significant energy conservation while main-
taining our high standard of living. Thisdesirablegoal will
be achieved through accel erated inventionsand continuing
emphasis on the desirability of minimizing energy usein
order to reduce fossil-fuel consumption because we must
reduce the rate of growth of atmospheric greenhouse-gas
concentrations and also decelerate the rate of accumula-
tion of long-lived radioactiveisotopes produced in nuclear
fission reactors. Whereas the more ambitious projections
of energy-use reductions top out at about 30% for con-
stant income levels, we shall use a reduction of 40% as
the optimistic result of concentrated worldwide energy-
conservation efforts. In summary, we assumethat success-
ful energy-conservation measures will alow us to attain
the desired standard of living for 10 billion people by the
year 2050 at 60% of the late-20th-century per capita use
levelsin the United States.
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During 1999, total U.S. energy use was approximately
1 x 10Y7 Btufyr, or

(1 x 10 Btulyr) x (10° JBtu) x (1EJ/10'® J)
= 10% EJiyr,

where 1 EJ= 1 exgjoule= 10'® J and Btu and J stand for
the British thermal unit and the joule, respectively. By the
year 2050, there will be around 10 billion people on the
earth. If all of these people were to enjoy 60% of the U.S.
per capita energy consumption used during 1999, then
annual worldwide energy use would be

0.6 x 10 p x (10% EJyr)/3 x 108 p = 2 x 10° EJjyr.

In summary, 10 billion people will hopefully enjoy the
good life enjoyed by U.S. citizens at the end of the 20th
century provided they each consume 60% of the U.S. per
capita average during the year 1999. At that time, world-
wide energy use will reach 2 x 10% EJly.

C. Choice of a Common Unit to Compare the
Magnitudes of Resources and Reserves

In order to gauge the rel ative importance of nonrenewable
and renewabl e energy supplies over thelongterm, it isde-
sirabletolist al of their magnitudesin terms of acommon
unit. We choose herethe cgs unit of energy or erg (Lerg =
10-%® EJ). There are large uncertainties in resource
estimates, as well as variabilities in the heats of com-
bustion of fossil fuels bearing the same name (such as
coals, petroleum, tar oils, and shale cils). As an appro-
ximation, the following conversion factors are used here
for energy deposits; one standard cubic foot of natural gas
(1 SCF or 1ft2 of NG) = (10° Btu/ft®) x (10 erg/Btu) =
10'2 erg/ft3; onebarrel (bbl or B) of 0il =5.8 x 10 Btu =
5.8 x 10 erg; one metric ton of coal (1 mt of coal; ~1.1
short ton, 1 t, of coal) =28 x 10° Btu=2.8 x 10" erg;
1 mt of oil =4.3 x 10" Btu= 7.3 bbl ~ 4.3 x 10"’ erg.
For nonrenewable resources,?2 which are discussed in
Sections |1 and 111, thelisted entriesfor the total available
energies represent estimates of valuesthat have beeniden-
tified in some manner as probably available and, over the
long term and after sufficient research and devel opment
has been carried out, actually usable as reserves provided
resourcerecovery can beimplemented at acceptable costs.
The estimated size of the nonrenewabl e resource base may

2The distinction between nonrenewable and renewable resources is
tenuous, with the latter generally referring to energy resources that are
theresult of extraterrestial inputs (e.g. solar energy in its many manifes-
tations) but often including also the utilization of geophysical features
of the earth such as its rotation about an axis or heat flow from the
core to the surface. Some authors mean by renewables those resources
which will be usable as long as the earth remains suitable for human
habitation.
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increase with time as improved exploration and assess-
ments are performed. Renewable resources are discussed
in Section IV.

Il. FOSSIL-FUEL RESOURCES

As used here and by most other authors, the terms re-
sources and reserves have greatly different meanings. Re-
sources are potential supplies if no attention is paid to
commercial readiness at currently paid market prices and
generally include also supplies for which recovery and
utilization techniques remain to be developed. Reserves,
on the other hand, are supplies that may be utilized with
known technologies at or very near current market prices.
In the normal course of events, resource recoveries pre-
cedereserve classification, and reclassification asreserves
may require new technologies or at least improvements of
exigting, tested, or devel oping technologies.

Estimations of resources and reservestend to be grossly
oversimplified. For this reason, the use of a single signif-
icant figure is often appropriate. An entire paragraph of
assumptions and constraints may be needed to justify a
numerical estimate. To illustrate this point, we begin with
the potentially largest of the fossil-fuel supplies, namely,
shaleoil. A classical worldwide assessment was published
by Duncan and Swanson (1965). The supplies were la-
beled as falling into the following categories: known re-
sources, possible extensions of known resources, undis-
covered and unappraised resources, and total resources.
The shales were further subdivided according to shale
grade in terms of the number of gallons (ga) of oil which
could be recovered from one short ton (t) of the raw mate-
rial with subdivisions according to shale grades of 5-10,
10-25 and 25-100 ga/t. Nothing is said about shale grades
below 5 galt, of which there are enormous deposits. Need-
lessto say, the greater the shale grade, the easier and more
cost-effective is the recovery. As an example, a total re-
source estimate of potentially usable oil shale may then
be made by including all categories of deposits and shale
grades down to 10-25 ga/t. The estimate derived from the
data of Duncan and Swanson (1965) becomes 344,900 x
10° bbl of oil or, using 5.8 x 10° Btu/bbl,

3.45 x 10* bbl x (5.8 x 10° Btu/bbl)
x (107 erg/1072 Btu) = 2 x 10%! erg.

If we decided to broaden the resource base by including
shale grades down to 5-10 ga/t, the preceding resource
estimate would be increased by

1.75 x 10'° bbl x (5.8 x 10° Btu/bbl)
x (107 erg/10~2 Btu) = 10 x 10* erg.
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Problems similar to those for shale oil arise for coal
resour ces (for which estimates customarily depend on the
thickness of the coal seams and on the depth below the
surface where the coal is recovered), as well as for oils
from tar sands, petroleum, and natural gas.

Averitt (1969) published estimates of the total original
coal resources of theworld and of regions of theworld on
the basis of (a) resources determined by mapping and ex-
ploration and (b) probable additional resources in un-
mapped and unexplored areas for 12-foot-thick or thicker
coal beds and (in nearly all cases) less than 4000 feet
below the surface of the earth. The total estimate
was16,830 x 10°t x (0.909 mt/t) x (2.8 x 10 erg/mt) =
4 x 10% erg. Of this total, the North American contri-
bution was about one-fourth or 1 x 10% erg. The coal
resources are predominantly bituminous and subbitumi-
nous coals with perhaps 20% representing low-rank (i.e.
low carbon content) lignite and peat and less than 1%
high-rank (nearly 100% C content) anthracite. Since the
heat of combustion we use for coal applies to bitumi-
nous coas and generally decreases with rank (or car-
bon content), we may be overestimating the resource
base by as much as 30%. Worldwide resource estimates
were discussed in 1972 (Cornell, 1972) with L. Ryman
contributing values for the ultimately recoverable re-
sources of NG and oil. For NG, the estimate was about
1.5 x 10'® SCF=1.5 x 10?° erg and for oil it was about
4 % 10% bbl = 2.3 x 10%° erg. All of these estimates do
not refer to resources regar dless of cost, but rather tore-
sourcesthat are not unlikely to become reserves over
time. The resource base for natural gas may be greatly
expanded in thefuture if deep-lying hydrates areincluded
(see Section V.B).

Theworldwidebasefor oil from tar sandshasnot been
well determined. For the Athabasca tar sands in Alberta,
Canada, where commercial recovery has been pursued for
more than 25 years, a resource value of 625 x 10° bbl
was estimated by Spragins (1967) and corresponds to
3.6 x10% erg; a 1981 resource estimate for Athabasca
was 8 x 10?8 erg.

We may summarize this qualitative overview by the
statement that, over along period of time, shale oil could
contribute substantially morethan 2 x 103! erg, coal more
than4 x 10%° erg, NG and oil eachmorethan2 x 10% erg,
and worldwide oil from tar sands probably considerably
morethan 2 x 10%° erg. Thus, the combined fossil-fuel re-
source base certainly exceeds 2 x 10%! erg by asubstantial
margin.

Itisinteresting to compare the fossil-fuel resource esti-
mates with past fossil-fuel extraction. According to Smil
(1999, p. 135), total global extraction of fossil fuels (in
the form of coadl, ail, and natural gas) from 1850 to 1990
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was 3 x 102 EJor (3 x 10 x 108 J) x (107 erg/J) = 3 x

10" erg, which equals about 1.5% of the resource es-
timates for the least abundant fossil fuels. Total global
electricity generation from 1900 to 1990 produced (Smil,
1999, p. 135) 1.3 x 10* terrawatt-hours (TWhe) = 1.3 x

10'® Whe, which corresponds approximately to 1.3 x

10 kKWhe x 4 x (107 erg/2.78 x 10~ kWh), or afossil-
fuel input of about 1.9 x 10?7 erg, where the subscript e
identifies el ectrical energy and we have assumed that four
units of thermal energy were required per unit of electri-
cal energy produced during the first century of electricity
generation, i.e. the historical average efficiency for elec-
tricity generation has been taken to be 25%. Worldwide
coal production from 1800 to 1990 (Smil, 1999, p. 137)
was 4.8 x 10° Mt (1 Mt =10°t) =4.8 x 10° t x (2.78 x

10'° erg/t) = 1.3 x 10 erg. The conclusion to be reached
from thishistorical overview isthat morethan 98% of es-
timated fossil-fuel resources of all types remained unused
as of the end of the 20th century.

lll. RESOURCES FOR NUCLEAR FISSION,
BREEDER, AND FUSION REACTORS

We shal estimate the resources for nuclear fission,
breeder, and fusion reactors by using geological data. In
breeder reactors, the “fertile” isotopes U-238 and Th-232
are converted to the “fissile” isotopes U-233, U-235, Pu-
239, and Pu-241 astheresult of neutron capture. Thorium
is a very widely distributed element® and does not rep-
resent a limiting supply when used in breeder reactors
with uranium. For this reason, the following discussion
is restricted to uranium resources for fission and breeder
reactors.

A. Fuels for Nuclear Fission Reactors

Fission reactors consume the only naturally occurring fis-
sile isotope, namely, U-235. Fission occurs as the result
of absorption of slow (thermal) neutrons. Uranium ores
contain the following isotope distribution: 6 x 1075 of
U-234, 7.11 x 1073 of U-235, and 0.99283 of U-238.
Chattanooga shaleis atypical deposit; it was formed 33—
29 million years ago and is widely distributed in lllinois,
Indiana, Kentucky, Ohio, and Tennessee (Swanson, 1960).
The Gassaway member of this shale deposit is about
16 feet thick.

It is appropriate to estimate the ultimate resources for
fission reactors by following the procedure that is custom-

SA 1966 assessment (IAEA, 1966) placed U.S. resources at

2.26 x 107 t for costs of $50-100 and at 2.72 x 10° t for costs of $100—
500.
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arily applied to fusion reactors, i.e. to estimate the total
resource on the planet without regard to costs or near-term
availability. Seawater (Best and Driscoll, 1980, 1981) con-
tains 3.3 x 10~° part by weight of uranium (U). Hence,
the 1.5 x 10 m® of water on the earth contains 1.5 x
10 m3 of water x (10° kg of water/m3 of water) x
(3.3x 1072 kg of U/kg of water) x (7.11 x 102 kg of
U-235/kg of U) x (107 erg/1.22 x 10~** kg of U-235) =
4 x 10% erg, where we use the estimate that the fission-
energy equivalent of 107 erg is derived from 1.22 x
1014 kg of U-235.

The uranium content of the earth’s crust has been es-
timated to be 6.5 x 103 mt (Koczy, 1954). For use in a
fission reactor, the uranium content of the crust has an
energy content of (6.5 x 10* mt of U) x (7.11 x 1073 mt
of U-235/mt of U) x (10% kg of U-235/mt of U-235) x
(107 erg/1.22 x 10~ kg of U-235) =4 x 10% erg.

The current availability of uranium is generally speci-
fied in terms of availability at a specified price. A 1983
DOE estimate for the United States was 433,400 t of U
at $80/kgU, corresponding to the sum of the probable
potential (251,500 t), possible potential (98,800 t), and
speculative potential (83,100 t) resources; at $260/kg U,
the corresponding values were 725,700+ 323,800 +
250,700=1,300,200 t of U. Uranium prices declined
from nearly $110/kg in 1980 to about $40/kg by mid-
1984 and remained at about this level during the next
4 years. Needless to say, the current availability in the
United States and el sewhere of uranium resources even at
the highest pricesis smaller by many orders of magnitude
than the ultimately available resources. A similar remark
appliesto resources outside of the United States. Thus, the
total Western world resources (not including the centrally
planned economies) were estimated in 1987 to exceed the
U.S. resources by factors of about two to four. In 1981,
the United States was the world’s dominant uranium pro-
ducer, with 33.5% of total Western production; by 1986,
the U.S. share had declined to 14.3%, while Canada had
become the dominant producer with 31.6% of total pro-
duction. In 1986, South African (at 12.5%) and Australian
(at 11.2%) production followed U.S. production closely.

B. Fuels for Nuclear Breeder Reactors

When burned in a breeder reactor, the energy content of
naturally occurring uranium (Cohen, 1983) is approxima-
tely (1 MW-day/g of U) x (24 hr/day) x [10° KW/MW] x

(107 erg/2.78 x 10~7 kWh) = 8.6 x 10 erg/gof U. It fol-
lowsthat for usein breeder reactors, the uranium contents
of the oceans have an energy value of 1.5 x 10'® m® of
water x (1 mt of water/m? of water) x (3.3 x 10~° mt of
U/mt of water) x (8.6 x 10" erg/g of U) x (10° g of U/mt
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of U) =4 x 10 erg. The uranium content of the earth’s
crust has been estimated as 6.5 x 10'* mt. The energy
equivalent for use in a breeder reactor of this resource
is (6.5 x 103 mt of U) x (10° g of U/mt of U) x (8.6 x
10 erg/g of U)=5.6 x 10% erg; at the estimated year
2050 consumption rate of 2 x 10?8 erg/year (see Table ),
thisenergy sourcewould last for 2.8 x 10° yearsor alarge
fraction of the remaining life on the planet provided both
world populations and per capita energy use become sta-
bilized at the estimated level for the year 2050.

C. Fuels for Nuclear Fusion Reactors

The segquence of nuclear fusion reactions of deuterium to
produce helium with atomic weightsof 3and 4 is

D+ D— He3+nr+32MeV,
D+D—T+H+4.0MeV,
D+T— Hed4+n+17.6 MeV.

Thus the fusion of five deuterium atoms (D), including
fusion with the reaction intermediate tritium (T), releases
24.8 MeV of energy or 4.96 MeV per D atom, where1J=
6.24 x 10'? MeV =0.949 x 10~3 Btu. Since 1 m® of lig-
uid water contains 34.4 g of D, fusion of the deuterium
contained in 1 m? of liquid water releases (4.96 MeV/D
atom) x [(6.023 x 10%%/2) D atoms/g of D] x (34.4 g of
D/m? of H,0) = (5.14 x 10 MeV/m®) x (0.949 x 10~
Btu/6.24 x 10" MeV) = 7.8 x 10° Btu/m?® of H,0. Since
thetotal amount of water onthe surfaceof theearthisabout
1.5 x 10 m3, the resource estimate for planetary fusion
energy from deuterium becomes (7.8 x 10° Btu/m?3) x
(1.5x 108 m®) x (107 erg/0.949 x 10~2 Btu)=1.2 x
10% erg.

Lithium occursin water at 1 part in 107 with 7.42% of
Li being Li-6; mineable deposits of Li,O are 5 x 10°—
10 x 10% mt. At asufficiently high neutron flux, Li-6 un-
dergoes the fission reaction

Li-6+n — He+ T+ 4.8MeV,

which may be followed by tritium fusion with deu-
terium to release 17.6 MeV, thus leading to the overall
reaction

Li-6+D +n — 2He-4+n + 22.4 MeV.

Thisenergy release must be reduced by 4.96 MeV/D atom
since the fusion of deuterium and lithium decreases the
supply of deuterium that can fuse with itself, i.e. the net
incremental fusion energy becomes
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TABLE | Worldwide Energy Resources without Consideration of Utilization Efficiencies or Technical Readiness?

Energy (EJ) Year s of availability
“Nonrenewable” energy sources (1EJ =108 J = 10% erg) at 2 x 10° EJ/yr
Fusion energy from D in 1.5 x 1018 m® of water 1x 1013 5x 10°
Uranium in the earth’s crust used in breeder reactors 6 x 1012 3x10°
Uranium in the earth’s crust used in fission reactors 4 x 1010 2% 107
Fusion of lithium contained in seawater 3x10° 1.5x 108
Uranium in seawater used in breeder reactors 4% 108 2x 10°
Uranium in seawater used in fission reactors 4 x 108 2x 103
Worldwide fossil-fuel resources (shale cils, coals, oils from tar sands, petroleum, >2 x 108 >1x10°%
natural gas, natural gas liquids)
U.S. fossil-fuel resources ~1x10° ~5x 10
Fusion of lithium in terrestrial Li>O deposits 8 x 10* 4% 10
Hydrothermal energy stored to adepth of 10 km worldwide 4 x 10* 2x 10
U.S. uranium used in water-moderated fission reactors 2% 10* 1x 10
Hydrothermal energy stored to adepth of 3 km worldwide 8x 108 4
Power Multiple of need at
“Renewable” energy sources (EJlyr) 2 x 10% EJiyr
Solar energy at the “outer boundary” of the atmosphere” 5x 10° 25x% 103
Worldwide wind energy 2% 108 1x 108
Ocean thermal energy conversion (OTEC)® 3.78 x 10° 190
Geothermal energy (outward flow of heat from the earth’s core) 8x 102 4x1071
Tidal energy 1 x 10? 5x 1072
Hydroel ectric energy worldwide 9x 10t 45x 1072
Commercial, worldwide energy usein 1995 4 x 102 —
Stabilized annual worldwide energy demand as of 2050 with conservation for 10 x 10° people 2x10° —

and allowance of energy use to establish an acceptable standard of living for all?

¢ Seethe text for sources of these values.

b Thisisthe total solar input which may be recovered in part as biomass, wind energy, OTEC, direct water photolysis, photovoltaic energy, etc.

¢ A 1964 assessment is 2 x 10% EJfor the Gulf Stream alone. If 0.1% of the solar input power is used for tropical waters with accessible temperature
differences >22°C (area= 60 x 10° km?), the continuous power production is 12 x 108 GW, year = 378 x 10° EJyear.

4 Thislong-range, steady-state value refersto 10 x 10° people (now expected by the year 2050) with each person using 60% of the U.S. per capita
consumption of 1998, i.e. each person enjoying the average 1998 U.S. standard of living if conservation efforts|ead to a40% energy-use reduction over
thelong term.

17.44 MeV 107 erg lgofLi subtracting that of the deuterium used in the process) then
Li-6atom .« 6.24 x 102 MeV - 107 g of H,O becomes about
y 7.42 x 1072 g of Li-6 5 10° g of H,0O (3.44 x 10° mt of Li-6) x %
gof Li m3 of water ” _ _
6.023 x 102 atoms of Li-6 1 , 6023 Z ;2 aton_1_sof Li6 10° kg of_l__|-6
6.94g0f Li-6 .94 gof Li-6 mt of Li-6
x 10% mPof water = 2.7 x 10* erg. | 10°gofLi-6 W& gs 10®erg

Kgof Li-6 . 6.24 x 102 MeV

Li-7 may also breed with T, but with lower efficiency than
Li-6.

Mineabledepositsof Li,O havebeen estimated (Penner,
1978) to be as much as 11 x 10’ mt of which the lithium
weight is about 4.64 x 10° mt, while that of Li-6 is equal Itisapparent that the resource basesfor breeder and fusion
to 3.44 x 10° mt. The incremental fusion energy (after reactors are so vast that the ascertainable amounts of both

D. Concluding Observations on Resources
for Breeder and Fusion Reactors
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of these materials, when used in currently contemplated
systems, could last until the white dwarf that is our sun
cools and becomes a red giant of vastly increased radius
(increased by about afactor of 10), at whichtimetherivers
and oceans of our planet will boil away, thereby causing
afiery demisefor al of the earth’sinhabitants.

While the resource estimates are not greatly different,
the status of technological development (Zebroski et al.,
1998) is not comparable for fusion and breeder reactors.
For fusion reactors, large-scale demonstrations have now
been deferred by three or more decades because of the
lack of adequate funding for R& D on the scale needed for
rapid commercialization. Although large-scal e breeder re-
actors represent ademonstrated technol ogy, both technol -
ogy improvement and commercialization have been sus-
pended in nearly all countries where breeders were being
developed becausethey are not currently cost-competitive
with fossil-fuel electricity generatorsor with conventional
fission-nuclear reactors.

The procedure used for resource estimations of the
“nonrenewable” breeder and fusion fuels makes these es-
timates, in common with those of renewable resource es-
timates considered in the following section, unachievable
limiting values in practice because costs for the recovery
of resources must escal ate asthe source concentrationsare
reduced through recovery.

IV. RENEWABLE RESOURCES

For renewable resources, thelisted values represent limits
associated with defined physical parameters such as the
solar constant and area of the earth’s surface (for solar
energy), estimates of the total energy that could possi-
bly be extracted (Palmén and Newton, 1969) from atmo-
spheric winds (for wind energy), the known geothermal
heat flow for the entire earth (for geothermal energy re-
covery from this source), known water flowsin all of the
rivers of the planet (for hydroelectric energy utilization),
and total tidal friction as determined by the gravitational
pulls of the moon and sun on the earth’s oceans, which
lead to differencesin tidal range (for tidal energy). These
limits are absolute values that cannot increase with time
or be augmented in magnitude through improved technol -
ogy. What can increase with time is the fraction of the
total resource base that may be usable at acceptable costs.
The renewable resource base may aso increase through
identification and utilization of physical effects that have
not been included in the listed resource base (e.g., col-
lection of solar energy in geostationary orbits, followed
by conversion to microwave energy of the electric energy
generated in photovoltaic cells used for collection, before
transmission of the remaining collected energy to the sur-
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face of the earth; or using the differences in salinities at
the mouths of rivers between waters in rivers and estuar-
ieswhere they are discharged into the oceans; or an as yet
unidentified scheme to utilize the rotation of the earth in
amanner not involving planetary winds; or cost-effective
utilization of wave energy, etc.).

The magnitudes of entries for renewabl e resources will
now be justified by utilizing known physical phenomena.

A. Solar Energy Input to the
Surface of the Earth

The solar constant Qg is defined as the radiation power
density at the top of the earth’s atmosphere which faces
thesundirectly. Itsvalueiscloseto theeasily remembered
estimate 2 cal/min-cm?; it is about 3% greater than the av-
erage value during the summer in the northern hemisphere
and about 3% smaller during the winter in the northern
hemi sphere because the earth’s orbit around the sunis not
exactly circular. Using 2 cal/min-cm?, we may estimate a
reasonable average radiant power density for the earth as
awhole by proceeding as follows.

We first multiply the approximate value 2 cal/min-cm?
by factors of unity in order to convert the solar constant to
the power density in watts per square meter (W/m?),
Viz.,, Qp=2.0 (ca/min-cm?) x (10* cm?/m?) x (1 J/
0.24 ca)x (1 min/60 sec) x (1 W-sec/J) or Qp=
1389 W/m?. The approximate average solar radiation
power density at the top of the earth’s atmosphere is ob-
tained from the solar constant by dividing by 4to allow for
variations of seasons and times of day around the globe.
The resulting global average radiant solar power density
is then about 345 W/m?. Since the mean radius of the
earthisre = 6.371 x 10° m and its surface areais approxi-
mately 47 r2 = 5.10 x 10 m?, theradiant power incident
on the entire surface of the earth becomes (345 W/m?) x
(5.10 x 10%* m)? = 1.77 x 10%" W x (107 erg/1 W-sec) x
(3.154 x 107 seclyear) ~ 5x 10°! erg/year, where we
have slightly reduced the calculated value of 5.6 x 10°!
erg/year and neglected the small difference between the
radius of the earth and the radial distance to the top of
the atmosphere from the center of earth. This widely
used numerical value is itself only a fair approximation
to the actual value because of the many idedlizations
made in the calculations (e.g., the earth is spherical, Qg
is exactly 2 cal/min-cm? rather than a slightly smaller
value, etc.).

It should be noted that local solar radiant power in-
puts are variable not only because of seasona and di-
urnal changes but also because of variability of optical
properties of the atmosphere (changesin water vapor con-
centration, clouds, and particulate concentrations) and of
surface reflectivities of the earth. A careful evaluation of
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these effectsis very complex and requires use of the com-
plete equationsfor radiant energy transfer with absorption,
scattering, and reflection from variable atmospheres and
highly variable surfaces.

Thenumber 5 x 10°! erg/year providesareasonablere-
sourceestimatefor adiscussion of solar energy availability
over the entire planetary surface.

B. Wind, Geothermal, Hydroelectric,
and Tidal Energy

The numerical value listed for the worldwide wind-
energy potential (Palmén and Newton, 1969) results
from the estimate that 2 x (10 x 10'° MW) are available
if the average winds are the same in the northern and
southern hemispheres, which corresponds to 2 x 10 x
101 MW x (10° W/MW) x (107 erg/2.78 x10~* W-hr)
x (8.76 x 103 hr/year) = 6 x 10°! W/yr. The listed value
for the outward flow of heat from the core of the
earth equals 8 x 10'7 Btu/yr =8 x 10?’erg/lyear and in-
cludes heat flow to the large areas covered by the
earth’s oceans;, at locations where this geothermal
heat flow is usable, the conversion efficiency to electricity
is not likely to exceed about 25%. The limiting world-
wide potential for hydroelectric energy is2.86 x 10° MW
x [10% W/IMW] x (107 erg/2.78 x 10~* W-hr) x (8.76 x
10° hrfyr) =9 x 10% erglyear; the fossil-fuel equivalent
for this resource base as a source of electric energy
is about three times larger or about 3x 10%" erg/year.
Based on the increase in the length of the day during the
last 100 years, the total tidal energy has been estimated to
be about 3 x 10° MW =3 x 102 W x (107 erg/2.78 x
10~% W-hr) x (8.76 x 10° hr/year) =1 x 10?" erglyear.
The achieved conversion efficienciesfor tidal to electrical
energy are in the range of 10-20%.

C. Ocean Thermal Energy Conversion [OTEC]

A total assessment of the worldwide potential for energy
recovery using OTEC does not appear to have been made.
That the magnitude of thisresourceisvery largeiscertain
in view of a 1964 estimate of the potential for electricity
generation using only the existing thermal gradients in
the Gulf Stream (Anderson and Anderson, 1964, cited in
Anderson, 1966). The estimate is 1.82 x 10 kWch/yr.
Assuming 33% conversion efficiency to electricity, the
thermal fossil-energy equivalent becomes

(1.82 x 10™ kWehlyr) x (3 kW/kWe) x (107 erg/2.78
x 107" kWh) = 1.96 x 10% erglyr

The worldwide potential (see the article in 18.05 G by
W. H. Avery) is probably at least 20 times greater, i.e.
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>4 % 10% erg/year, and hence may represent a complete,
sustainable solution to the world’s energy needs at the
estimated steady-state requirement beyond 2050 for 5%
recovery of the worldwide ocean thermal energy conver-
sion potential.

V. RECENT ESTIMATES OF FOSSIL-FUEL
RESERVES AND RESOURCES
LIKELY TO BECOME USABLE
OVER THE NEAR TERM

Estimationsof reservesshould bemoreaccuratethan those
of resourcessincethey presumably refer to currently avail-
able supplies at acceptable costs. Nevertheless, listed tab-
ulations have built-in inaccuracies arising from diverse
causes such asthefollowing: (1) different reserve holders
(e.g., international and domestic oil companies, govern-
mental agencies, coal companies, drillers for NG, etc.)
may not use compatible evaluation procedures; (2) na-
tional representatives of oil interests may overestimate
reserves in order to obtain increased leverage in dealing
with monopolistic consortiasuch as OPEC and thereby in-
fluence approval of increased recovery and sales; and (3)
companies may find it expedient to underestimate reserves
for the purpose of augmented drilling-right approvalsor to
leverage assets and stock prices over time. It is therefore
not surprising to find diverse estimates from “authorita-
tive” sources.

A. Oil Reserves

In a Scientific American article addressed to a genera
audience, Campbell and Laherrére (1998) express doubts
about official reserve reports from six OPEC countries
(Saudi Arabia, Iran, UAE, Irag, Kuwait, and Venezuela),
which show an increase in oil reserves from about
370 x 10° to 710 x 10° bbl between 1980 and 1997, on
the grounds that the increases were reported without ma-
jor discoveries of new fields.* This type of argument is
reinforced by noting adeclinein announcements of newly
discovered ail fields since 1980, which has been accompa-
nied by depletions of aging fields. Omitted from thistype
of analysis are likely beneficial impacts from enhanced

“Developed countries typically maintain petroleum stocks at levels
corresponding to about 1 month of consumption, with somewhat smaller
levelsin Canada and Italy and somewhat larger stocks in Germany and
Japan. Theselow ratios of petroleum stock to annual consumption make
the OECD countries highly sensitive to short-term supply disruptions.
Petroleum production in non-OPEC countrieswas smaller thanin OPEC
countriesduring theperiod 1973-1977, slightly exceeded OPEC produc-
tion during 1978, and exceeded it by substantial amountsin later years.
Since 1995, OPEC production has grown more rapidly than non-OPEC
production and may well again supply more than 50% of totals by 2010
if present trends continue.
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oil recovery and the possibility that the accounting used
in 1980 may have been low in order to justify high oil
prices. Without alternative oil suppliesor new discoveries,
the authors expect OPEC’s suppliesto reach 30% of world
supplies(asinthe 1970s) during theyear 2000 or 2001 and
the 50% level by 2010, thereby suggesting the possibility
of arbitrarily set increased oil prices within a decade.

A recent staff report of The Wall Street Journal (Cooper,
1999) refers to a reservoir off Louisiana at Eugene
Island (E.G. 330) and describes output peaking at about
15,000 bbl/day following initiation of recovery after 1973.
Production slowed to about 4000 bbl/day by 1989 but then
began to recover and reached 13,000 bbl/day in 1999. Asa
result, reserve estimates have changed from 60 to 400 mil-
lion bbl for E.G. 330. The conjecture is that the reservoir
is being refilled from a deep source miles below the sur-
face of the earth. During the last 20 years, the reserve
estimates for the Middle East have doubled, while active
exploitation wasin progressand no major new discoveries
wereannounced. A theory to account for the observations,
namely, that superheated methane was carrying crude oil
upward from greater depths, was apparently not substanti-
ated by adrilling test.> Although more research is clearly
needed to explain the augmented oil recovery achieved
at E.G. 330 and perhaps also the growing estimates for
Middle East reserves, the suggestion that deep oil reser-
voirs of great magnitude remain to be tapped is not un-
reasonable, especially in view of recent successes with
deep-sea drilling off the coast of West Africa

In the same issue of Scientific American, Anderson
(1998) discusses the likelihood of augmented recovery
abovethe conventional 25-35% of oil in placeastheresult
of underground imaging, gas flooding, steerable drilling,
and discoveries of giant deposits off the coast of West
Africa

Inits1998 Annual Report to sharehol ders, Exxon shows
a bar graph for each of the years 1994-1998 labeled
“proved reserves replacement,” which exceeds 100% for
each of the 5 years and includes an excess of about 120%
for 1997, i.e., the company’s reserve estimates have been
steadily increasing. Major oil and gas resource additions
are shown for Alaska, the Gulf of Mexico, in Europe (for
the North Sea off the coasts of England and Germany and
near northeastern Spain), and offshore West Africa near
Angola and aso for Papua New Guinea. These resource

5|n this connection, mention should be made of ahypothesisby Gold
(1999), who describes a hiosphere under pressure with temperatures
around 100° C at depthsnear 7 kmthat exceedsin contentsthe surfacebio-
sphere where we live. There “chemilithotropic™ reactions involving pri-
mordially stored hydrogen and hydrocarbonslead to coal and petroleum
formations that continuously augment the availability of fossil-fuel re-
sources. Some supporting evidence has been found in bringing to the
surface downhole materials from 6.7-km depths.
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additions are defined as “new discoveriesand acquisitions
of proved reserves and other resources that will likely be
developed.” Areaswith the largest new resource additions
are the Commonwealth of Independent States (former
Soviet Union) and Africa, closely followed by Europe.
It is not credible to interpret data of this type as pointing
to near-term oil-reserve depletions.

Another company perspective on oil reserves is pro-
vided by the British Petroleum Company’s “Statistical
Reviews of World Energy,” which show that generally ris-
ing consumptions of oil and natural gas since the end of
World War Il have been accompanied by increasing re-
serve estimates: world production (3.3616 x 10° mt) and
consumption (3.3128 x 10° mt) of oil areinbalance, asare
those for other fossil fuels. In 1996, the yearly reserve-to-
production (R/P) ratio for theworld asawholewas given
as42.2, with 8.2 for Europe, 15.7 for the Asia-Pacific Re-
gion, 18.1 for North America, about 25 for both Africaand
the CIS, 36.1 for South and Central America, and 93.1for
the Middle East. These values do not suggest strong price
escalation over the near term. Price determinants through
market changes are discussed by Hannesson (1998), as
well as declines in production rates from reservoirs. An
interesting associated topic is the intelligent management
of fossil-fuel wealth through partial revenue contributions
toapermanent fund for the purpose of leveling theincome
of acountry over timeasoil revenues decline (Hannesson,
1998, Chapter 7).

Assertions of declining oil stocks accompanied by
rapidly rising prices have a substantial history of being
faulty, in spite of the fact that announcements of huge new
oil discoveriesoftenturn out to represent overly optimistic
reserve estimates. Echoing statements from Exxon and
British Petroleum, wells in waters 33004600 feet deep
off the coast of West Africa are being hailed as showing
“excellent” results (George, 1998). According to Exxon
(1998-1999), some of these new fieldsare believed to con-
tain reservesof 1 x 10° bbl or more (which are referred to
as “elephants” by geologists).

In 1995, the U.S. Geological Survey (USGS) performed
a U.S. assessment of oil and gas resources. Measured
(proven) reservesin BBO (billions of barrels of oil) were
20.2, augmented by (a) 2.1 BBO of continuous-type accu-
mulationsin sandstones, shales, and chalks, (b) 60.0 BBO
expected reserve growth in conventional fields, and (c) ex-
pected, but as yet undiscovered conventional resources of
30.3 BBO, thus yielding total resources of 112.6 BBO.
Similarly, in TCFG (trillions of cubic feet of natural
gas), the estimates were (a) measured reserves of 135.1
TCFG, (b) continuous-type accumulationsin coal beds of
49.9 TCFC, (c) continuous-type accumulations in sand-
stones, shales, and chalks of 308.1 TCFG, (d) expected
reserve growth in conventional fields of 322.0 TCFG, and
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(e) expected, but as yet undiscovered conventional re-
sources of 258.7 TCFG, for atotal of 1073.8 TCFG. Fin-
ally, for natural gasliquids (NGL), the estimatesin BBO
were (a) measured reserves of 6.6, (b) continuous-type
accumulations in sandstones, shales, and chalks of 2.1,
(c) expected reserve growth in conventional fields of 13.4,
and (d) expected, but as yet undiscovered conventional
resourcesof 7.2, for atotal resource estimate of 29.3BBO.
These fossil-fuel reserves and soon-to-be-usable re-
sources have acombined energy content of approximately
(112.6 x 10° bbl of oil x 5.8 x 10%* erg/bbl) 4 (1.074 x
10% x 10% feet® of NG x 108 erg/foot’] + (29.3 x
10° bbl of oil equivalent x 5.8 x 10 erg/bbl of oil equi-
valent) = 6.5 x 10?” erg as oil +1.1x 10%® erg from
NG+ 1.7 x 10?" erg from NGL & 1.9 x 10? erg total.

A year 2000 estimate by the USGS (2000; for a brief
summary, see Science, 2000) shows avery substantial in-
creasein oil resourcesthat should become usable over the
near term. A conclusion is that worldwide peak conven-
tiona oil production is more than 25 years in the future
as compared with a prior estimate of worldwide peak oil
production during the first decade of the 21st century. The
large supply increases are very unevenly distributed over
the globe with most occurring in the Middle East and
the CIS. The absence of large new discoveries in North
Americamay reflect the absence of significant recent ex-
ploration in thisregion.

1. Oil Recovery

Recent U.S. ail production of 6.4 MBO/day involves
mostly primary recovery (whichisaccomplished by using
only the energy stored in the reservoir), yielding 17% of
the oil in place, while secondary recovery may contribute
51% andtertiary recovery (or enhanced oil recovery, EOR)
an additional 12% (US DOE, 1996). Secondary recovery
may be accomplished with water flooding. Tertiary re-
covery or EOR (using thermal, gas-miscible, chemical,
or microbiological techniques) could potentially augment
U.S. production by 50 BBO. However, current high costs
have limited the use of EOR. The U.S. DOE program on
Production and Reservoir Extension isaimed at achieving
lower cost secondary and tertiary oil recovery fromknown
and previously worked reservoirs.

2. The U.S. Strategic Petroleum Reserve

The Strategic Petroleum Reserve (SPR) wasestablished in
1975 asabuffer against possible oil embargoes of thetype
that occurred during 1973-1974 (US Congress, 1998).
The SPR holds currently about 564 MBO (million bar-
rels of oil), well below theinitially planned level of 1000
MBO. Sinceits establishment, a sufficient number of tests
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have been performed to ensure that filling and emptying
(drawdown) proceduresfor reserve additions and subtrac-
tions function properly. As of 1998, the SPR had become
a depository for the sale of ail in order to generate rev-
enuefor the government, while additionswere curtailed to
reduce federal spending, on the assumption that the like-
lihood of supply interruptions was low because OPEC’s
shareof U.S. importshad been reduced to about 30% while
the unregulated oil markets operated efficiently with re-
spect to price alocation. For reasons that are unclear, a
consensus has emerged that an SPR containing around
500 MBO is sufficient, even though this level of supply is
used up in the United Statesin little more than 30 days. A
review of management procedures used for the SPR may
suggest that reserve additions have been made preferen-
tially when oil prices were high while reserve drawdowns
occurred occasionally when oil prices were low. In view
of the privatization of the U.S. Navy’s Elk Hill petroleum
reserve, the SPR may be said to provide now about the
same level of domestic security as was available prior to
establishment of the SPR and sale of the Navy reserve.

The total input into the SPR through 1995 was
612.8 MBO, with 41.9% or 256.7 MBO from Mexico,
147.3 MBO (24.0%) from the North Sea, 48.1 MBO
(7.8%) from U.S. production, 27.1 MBO (4.4%) from
Saudi Arabia, 23.7 MBO (3.9%) from Libya, 20.0 MBO
(3.3%) from Iran, and lesser amountsfrom other countries.
Drawdown during the Gulf War reduced SPR holdingsto
568.5 MBO, whereas subsequent purchasesledtorefilling
to 591.6 MBO.

Thedrawdown and distribution capability was designed
to be 4.3 MBO/day for 90 days. Gas seepage and sale
or transfer of 69 MBO from the Week Island site, which
was decommissioned during 1996, reduced the drawdown
capacity to 3.7 MBO/day by the spring of 1998.

We refer to the U.S. Congress (1998) for some discus-
sion of political decisionsthat havedetermined drawdown,
refilling, and sale of SPR oil.

B. Natural Gas Reserves and Methane
Hydrate Resources

The reserve-to-production ratio for natural gas (NG) was
larger than that for il in 1996.6 The world total was 62.2;
it was 11.8 for North America, 18.6 for Europe, 40.1
for the Asia-Pacific region, 70.2 for South and Central
America, 80.1 for the CIS, and more than 100 for Africa
and the Middle East. NG supply estimates, like those for
conventional oil, were greatly increased in the year 2000
USGSrevisions.

6Ascited in the British Petroleum Company’s “Statistical Reviews of
World Energy” for that year.
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Resource estimatesfor methane hydrates are highly un-
certain but clearly much greater than the known resources
of NG. Examples are the following (Mielke, 1998): (1)
The world’s total gas hydrate accumulations range from
1 x 10°to3 x 108trillionfeet® of NG, i.e.from 1 x 10€to
3 x 10* erg. These energy estimates range from several
times the known NG reserves to those of uranium from
seawater used in breeder reactors, with the larger value
sufficient to supply 10 x 10° people at the estimated year
2050 energy demand for 150,000 years. (2) The USGS
1995 appraisal of NG for the United Statesis 3 x 10° tril-
lion feet3, or 3 x 10%° erg, which exceeds the known U.S.
reserves of NG by about afactor of 140. Seafloor stability
and safe recovery of hydrates are open issues.

C. Reserves and Resources of Coals

Based on 1978 technology, the world’s coa reserves
(Penner, 1987, p. 627) were estimated to equal about
3 x 102 bbl of oil-equivalent (bble) = 1.7 x 10%° erg, with
the U.S. share of 28% exceeding that of Europe (20%), the
CIS(17%), and China(16%). Estimates generally include
coals of al ranks (from peat, lignite, subbituminous and
bituminous coals, to anthracite).

1. U.S. Coal Resources and Coal Use

U.S. coal resourcesare being reassessed by the USGSwith
initial emphasison (a) the Appalachianand Illincisbasins,
(b) the Gulf Coast, (c) the northern Rocky Mountains
and Great Plains, and (d) the Rocky Mountains-Colorado
Plateau (USGS, 1996). Even before completion of this
study, it is apparent that U.S. coal reserves will not soon
be exhausted. About one billion short tons (t) of coal were
produced for the first time in the United States in 1994
after a continuous sequence of production rises extending
for aperiod of time longer than a century.

Consumption during 1994 in the United States was
930 x 10° t, of which electric utilities used 817 x 10° t
and 71 x 10° t were exported. Nonutility use was mostly
confined to steel production.

2. Environmental Issues in Coal Use

Concerns have often been expressed about coal utilization
asasource of toxic and also of radioactive materials since
coal s contain uranium and thorium at concentration levels
of one to four parts per million (ppm), with uranium at
levels of 20 ppm rare and thorium as high as 20 ppm very
rare (USGS, 1997). Coal combustion rel eases both U and
Th from the coal matrix. As aresult, more than 99.5% of
these elements ends up in the 10% of solid ash which is
formed on the average, i.e., the concentrations of radioac-
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tive U and Th in the ash are approximately 10 timesthose
in the original coals. The resulting levels of radioactive
elements are comparable to or lower than those normally
found in granitic and phosphaterocksand lower thanthose
of Chattanooga shales (10-85 ppm of U). The radioactive
combustion products impact the environment when they
become dispersed in air and water or in flyash from coals,
which is incorporated in such commercial products as
concrete building blocks. Upper-bound estimates suggest
possible radioactive dose enhancement up to about 3%
in residences, corresponding to roughly 10% of the dose
fromindoor radon that isnormally present and contributes
about 65% of thetotal radioactive load. Of the man-made
radiation sources, X-rays for diagnostic purposes are the
largest contributors at about 11% of the total exposure.
About 75% of the annual production of flyash endsup in
impoundments, landfills, and abandoned mines or quar-
ries. Standard tests to ensure contamination levels below
100 times those of potable water for leachability of toxic
flyash constituents such as arsenic, selenium, lead, and
mercury show that the actual amounts of dissolved con-
stituents justify classification of flyash as anonhazardous
solid waste. The U.S. Environmental Protection Agency
has established radioactivity standards for drinking water
at 5 picocuries per liter for dissolved radium; standards
for U and radon are to be established soon. The leachabil-
ity of radioactive elements increases greatly for strongly
akaline (pH > 8) or strongly acidic (pH < 4) water-based
solutions. Further studies are required, especially for past
flyash disposals in leaky landfills. Under current regula-
tionsfor flyash disposal, leaching of radioactive elements
or compounds should not pose asignificant environmental
hazard.

D. Oil Reserves for Oil Recovery
from Tar Sands

Of the very large Athabasca tar-sand resources, about
300 x 10° bbl = 1.7 x 10?® erg are recoverable with cur-
rent technology (George, 1998) and may therefore be clas-
sified as reserves. This reserve assessment is expected
to increase greatly with oil price escalation above about
$20/bhl.

E. Shale-Oil Reserves

Although shale-oil resources are enormous and limited
commercia recovery has been in progress during most
of the 20th century (e.g., in China and Estonia), a ma-
jor U.S. development utilizing in situ recovery during the
1970s and 1980s (Penner and Icerman, 1984, pp. 10-67)
was terminated because of adeclinein oil prices. It isun-
likely that thisprogramwill bereactivated before stableail
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prices rise above about $30/bbl, at which time substantial
reserve estimates may be demonstrated for shae oil.

VI. THE KYOTO PROTOCOL

The Kyoto Protocol was signed by the Clinton Adminis-
tration in November 1998 but has not yet been ratified by
the U.S. Senate. It obligates the United States to reduce
carbon emissions 7% below 1990 levels during the 2008-
2012 time period.

Workersat the Energy Information Agency (EIA) of the
U.S. Department of Energy have considered six projec-
tionsto 2012 for U.S. carbon emissions, which rangefrom
an upper bound representing the “reference case” or busi-
ness as usua to the protocol-mandated reduction levels.
Year 2012 U.S. carbon-emission levels range from about
1.25 x 10° to 1.87 x 10° mt.

The carbon reduction scenarios have large associated
costs. The year 2010 U.S. gross domestic product is esti-
mated to be reduced by about $400 billion dollars to meet
protocol requirements by 2010 without interdicted emis-
sionstrading with |ess developed countries. Emissionsre-
ductions may be achieved in a number of ways, e.g., by
imposing a carbon emission tax, by extensive fuel switch-
ing from coal to NG for electricity generation and from
oil to natural gasfor transportation, by curtailing gasoline
use through oil-price hikes, etc. According to the EIA,
meeting protocol requirements will increase the average
year 2010 household energy costs by $1740.

It isunlikely that appreciable carbon mitigation can be
accomplished as early as 2010 through implementation
of such new energy-efficient technologies as fuel-cell-
powered vehicles. Probably the most cost-effective proce-
durefor reducing carbon emissionsisalarge-scale change
to nuclear power generation, perhaps to levels exceeding
50%, whichwerereached someyearsagoin France, Japan,
and some other developed countries.

VII. POLICY CONSIDERATIONS

We have seen that there are abundant |ow-cost energy sup-
plies, especialy inthe form of fossil fuels and fissionable
uranium, which could be used to supply the world’s en-
ergy needs for many years to come. Unfortunately, this
is not the end of story. The use of any energy reserve or
resource for human well-being is accompanied not only
by an increase in global entropy but also by a variety of
detrimental environmental effects. Among these, public
attention has been focused primarily on possibly disas-
trous long-range climate changes associated with the very
well documented relentless escalation of the atmospheric
CO, concentration since the beginning of large-scale an-
thropogeni ¢ conversion of gaseous, liquid, and solid fossil
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fuels to combustion products, of which benign water and
perhaps not so benign CO, are the chief constituents.

A. Mitigation of the Greenhouse Effect

The increased gaseous water production associated with
fossil fuel useisof no special environmental consequence
for three reasons: (1) The resulting increase in the atmo-
spheric water concentration is negligibly small compared
with the preexisting steady-state atmospheric water con-
centrations, (b) consequently, the changes in atmaospheric
heating produced by any increasesin the dominant green-
house gas, water, are also negligibly small, and (c) finaly,
the residence time of the added water in the atmosphere
isvery short (on the order of daysto weeks) and therefore
water cannot accumulate over very long periods of time.
Unfortunately, the story isreversed for anthropogenic CO,
addition to the atmosphere because (a) the added amounts
of CO;, arenot negligibly small compared with preexisting
levels (manmade contributions have already raised preex-
isting CO; levels by upward of 25%), (b) the added CO,
increases the greenhouse effect measurably because long-
wavel ength absorption by the added CO, augments atmo-
spheric heating, and (c) the residence time of the added
COs is of the order of 100-200 years and may therefore
be responsiblefor long-term atmospheric heating changes
as the result of absorption of long-wavelength radiation
emitted from the planetary surface. Theinevitable conclu-
sions derived from these physical effects are that whereas
hydrogen would be an ideal fuel, fossil fuels may cause
unacceptable long-term climate changes because of CO,
emissions to the atmosphere. Hence, we must face pro-
posalsto eliminate fossil-fuel use without CO, mitigation
over the long term.

B. Elimination of Long-Lived
Radioactive Products

The second supply source that is now in large-scale use
involves nuclear fission reactors. With these, we also face
difficult environmental issues, resulting from (a) inade-
guately designed, maintained, or improperly operating re-
actors leading to calamitous accidents (e.g., Chernobyl,
Three-Mileldland, Tokaimura, and elsewhere) and (b) the
certain production of long-lived radioactive isotopes
which will require safe storage for very long periods of
time, exceeding hundreds of thousands of years in some
cases. Whereas the accident issues will be controllable by
constructing passively safe nuclear reactors (i.e. by con-
structing reactors that cannot cause calamitous accidents
as the result of human errors, which are designs that will
not produce runaway heating or radioactive emissions be-
cause of the judicious use of physica phenomena that
will inhibit runaway calamities as the result of human
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TABLE Il A Global, Large-Scale Energy Supply Trade-off Matrix (1999)2

Overriding consideration in source selection

No long-lived Low risk because of
Low current No net CO» radioactive established large-scale
L arge-scale energy source cost emission products technology
Fossil fuels (al) 5-10 2 10 9-10
Coals 10 2 10 10
Oils 8-10 2 10 10
Natural gases 9-10 2 10 10
Shale dils 5-10 2 10 9-10
Oilsfrom tar sands 7-10 2 10 9-10
Solar technologies (all) 2-10 3-10 10 2-10
Wind energy 4-10 9-10 10 7-9
Photovoltaics 2-10 2-10 10 2-10
Biomass 2-10 7-10 10 2-10
Hydrogen production 2 3-10 10 2
Ocean thermal energy production 4-8 4-10 10 4-8
Hydroelectric power (partia supply) 10 10 10 10
Hydrothermal energy (partial supply) 10 10 10 10
Hot dry-rock geothermal energy (partial supply) 2-8 10 10 2-8
Nuclear fission reactors (all) 10 9-10 2 10
Nuclear breeder reactors (all) 7 9-10 2 9
Fusion reactors 2 9-10 7-9 2

@10, Very high probability of meeting goals; 1, very low probability of meeting goals.

errors), long-term safe storage of highly radioactive re-
actor products remains an inevitable component of the
“Faustian bargain” (to quote Alvin Weinberg) which ac-
companies our use of nuclear fission reactors. Proponents
of nuclear fission reactors consider long-term, safe stor-
age in stable geological strata to provide a proper tech-
nical response to this issue. Opponents of nuclear power
continue to believe that we are incapable of coping with
the required long-term safe storage issues, especially be-
cause their use would, in principle, facilitate access to
nuclear weapons materials and thereby invite weapons
proliferation.

The preceding arguments|ead to the conclusion that we
must change to renewabl e resources, provided their useis
not so costly asto cause economic collapse for the grow-
ing world population, which appears inevitably reaching
around 10 billion people in about 50 years, only a few
years longer than the historical time scale for replacing
an established energy technology by a new energy tech-
nology. After more than 25 years of investments in and
subsidies for renewable technol ogies, the absence of sig-
nificant progress makes it appear likely that this program
will not lead to acceptable, cost-effective, large-scale re-
placements of fossil and nuclear energy supply systems
over the near term.

The preceding considerations are summarized in
Table 1l in terms of numerical estimates reflecting the
author’s assessments of the current state of technological
development on ascale from 1 to 10, with 10 representing
a currently competitive technology, 2 a research agenda
aimed at creating a competitive technology, and numbers
between 2 and 10 representing subjective assessments of
how close we have comethusfar in creating replacements
for currently competitive technologies on a large scale
and at acceptable costs.

While one may view Table || as a proper basis for ra-
tional progress, it isimportant to remember that expertsin
other countries may find our approach for defining a new
energy road map to the future either uninteresting or irrel-
evant to their needs and preferences. With an inevitable
emphasis on low-cost supplies for local well-being,
Table Il for China, India, France, Norway, and OPEC
members reflects local political preferences and goals
rather than the entriesin Table 1.

C. Research and Development Agenda
for Future Energy Security

If a political decision is made to eiminate man-made,
long-lived radioactive products from the environment, no
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TABLE Ill Local Energy Supply Trade-off Matrices for China, India, France, Norway, and OPEC Members?

Overriding consideration in sour ce selection

Low local Export Established Environmental
Country Energy source cost value technology opposition
China Fossil fuels (all) 8-10 8-10 10 Minimal
Coals 10 10 10 Minimal
Qils 10 10 10 Minimal
Natural gases 10 10 10 Minimal
Shaleoils 8 10 10 Minimal
Oils from tar sands 8 10 10 Minimal
Nuclear fission reactors 10 10 10 Minimal
Nuclear breeder reactors 7 7 9 Minimal
Hydroelectric power 10 10 10 Minimal
India Cod 10 10 10 Minimal
Fuelwood 10 1 10 Moderate
Hydroelectric power 8-10 1-10 10 Moderate to strong
Biomass (large scale) 5-10 1-3 7 Moderate
Nuclear fission reactors 10 10 10 Minimal
Nuclear breeder reactors 7 10 9 Minimal
France Nuclear fission reactors 10 10 10 Low
Nuclear breeder ractors 7 10 9 Low
Norway Qils 10 10 10 Minimal
Hydroelectric power 10 10 10 Minimal
Natural gases 10 10 10 Minimal
OPEC members Qils 10 10 10 Minimal

210, Very high probability of meeting goals; 1, very low probability of meeting goals.

specia supply problemswill arisefor many years because
we can continue and augment the use of low-cost fossil
fuels. The practical agenda will stress improved energy
utilization efficiencies, while R&D emphasis will remain
on CO, sequestration at the sourceand on avariety of solar
technol ogies and the development of fusion reactors (see
Table 1V). Unfortunately, our present perspective must
assign low probabilities of successto all of the identified
programs if the focus is on low-cost, large-scale supply
sources by about the year 2025.

If our political choice becomes elimination of CO,
emissionsto the atmosphere, or disposal in the deep seaor
stable caverns of the enormous amounts of CO, generated
from fossil-fuel burning, then we see again no disastrous
near-term or long-term calamities sincethe nuclear fission
options remain for known, relatively low-cost supply. In
this environment, near-term construction emphasis must
properly shift to the use of passively safe nuclear fission
and breeder reactorsat somewhat el evated costsin order to
ensurethe availability over the very long term of adequate
energy supplies for an increasingly affluent and growing
world population. While the R&D program on solar and

fusion reactors continues as before, greatly augmented ef-
fort should be directed also at the commercialization of
CO, sequestration with the hope of retaining some of the
fossil-fuel supply sources, especially during thetransition
period to large-scale use of nuclear breeder technologies
(see Table IV).

What should be doneif both fossil-fuel and nuclear fis-
sion reactors are interdicted? As Table IV shows, we are
now left without usable, low-cost, large-scal e energy sup-
ply sourcesand only the promiseof better thingsto comeif
we can succeed in the cost-effective commercialization of
large-scale solar or fusion technologies. During the fore-
seeable future, this will be unacceptable to people every-
where and will not be followed by their elected officials
because the economic consegquences would be calamitous
and stable political structures could not survive.

D. The Preferred Research and Development
Agenda for the Future

There is little doubt that the best energy technology for
theworld at largeis the ability to produce low-cost H, on
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TABLE IV Selected Research and Development Agenda
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Probability
of success at
Goal Energy source Agenda acceptable cost?
Early elimination of Fossil fuels (al) CO, capture at the source and utilization for the production 2-4
CO; emissionsto of salable chemicals; CO, capture and separation at the
the atmosphere source prior to long-term storage in the sea or elsewhere 2-4
Solar technologies (all) Direct H, production from water (e.g., by water splitting in
low-temperature thermal cycles, direct water photolysis, etc.); 2
large-scale development of energy-from-the-sea technologies
followed by hydrogen or other fuel production; genetically 6-8
altered biomass to improve crop yields for energy use; solar 2
energy collection in space orbits followed by conversion and 2
transmission to earth stations; large-scale use of wind power 2

or photovoltaics

Nuclear fission reactors Implement large-scale use of passively safe nuclear fission reactors 10
Nuclear breeder reactors  Implement large-scale use of passively safe nuclear breeder reactors 10
Fusion reactors Implement large-scale use of systems 2
Early cessation of the Fossil fuels (al) Improve utilization efficiencies 10
production of long-lived  Solar technologies (all) Asabove
radioactive isotopes Fusion reactors Implement large-scale use of systems 2
No CO, emissions and no Solar technologies (all) As above
nuclear fission reactors Fusion reactors Implement large-scale use of systems 2

@10, High probability of success; 1, low probability of success.

the required global scale, i.e. the preferred goa is what
enthusiasts have long labeled “the hydrogen economy.”
It matters little how the hydrogen is ultimately produced.
A viable fusion energy supply is, of course, completely
compatible with the hydrogen economy since water
splitting by using electrical energy is a long-established
technology. Similarly, the use of solar energy to produce
H, in low-temperature thermal cyclesor by thedirect pho-
tolysis of water congtitute priority methods for H, pro-
duction, as is also NH3 synthesis in an ocean thermal
energy conversion system followed by conversion to H,
after transmission to user locations, etc. The emphasis on
combining new energy supply optionswith large-scale hy-
drogen production should become the worldwide priority
R& D program.

SEE ALSO THE FOLLOWING ARTICLES
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SYSTEMS
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GLOSSARY

Capillary pressure Difference in the pressure between
two fluids measured at the interface between the two
fluids.

Interfacial tension Measure of the ease with which a new
interface between two fluids can be made.

Miscible When two or more phases become single
phased.

Mobility Measure of the ease with which a fluid moves
through porous media.

Permeability Measure of the capacity of a porous med-
ium to conduct a fluid.

Polymer Large-molecular-weightchemicalused to thick-
en a solution.

Primary production Production of oil using only the nat-
ural energy of the formation.

Reservoir Volume of underground porous media usually
containing rock, oil, gas, and water.

Residual oil Amount of oil remaining in a reservoir after
primary and secondary production.

Secondary production Production of oil when gas, wa-
ter, or both are injected into the formation and the in-
jected fluid immiscibly displaces the oil.

Surfactant Molecule that is made up of both hydrophilic
and hydrophobic entities and can reduce the interfacial
tension between two fluids.

Sweep efficiency Measure of how evenly a fluid has
moved through the available flow volume in a porous
medium.

Viscosity Property of a fluid that is a measure of its resis-
tance to flow.

ENHANCED OIL RECOVERY refers to the process of
producing liquid hydrocarbons by methods other than the
conventional use of reservoir energy and reservoir repres-
surizing schemes with gas or water. On the average, con-
ventional production methods will produce from a reser-
voir about 30% of the initial oil in place. The remaining oil,
nearly 70% of the initial resource, is a large and attractive
target for enhanced oil recovery methods.
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I. INTRODUCTION

A. Classification of Hydrocarbon Production

The initial production of hydrocarbons from an under-
ground reservoir is accomplished by the use of natural
reservoir energy. This type of production is termed pri-
mary production. Sources of natural reservoir energy that
lead to primary production include the swelling of reser-
voir fluids, therel ease of solution gasasthereservoir pres-
suredeclines, nearby communicating aquifers, and gravity
drainage. When the natural reservoir energy has been de-
pleted, it becomesnecessary to augment thenatural energy
with an external source. Thisis usually accomplished by
the injection of fluids, either a natura gas or water. The
use of thisinjection schemeiscalled asecondary recovery
operation. When water injection isthe secondary recovery
process, the process is referred to as waterflooding. The
main purpose of either a natural gas or a water injection
processisto repressurizethereservoir andthentomaintain
the reservoir at a high pressure. Hence, the term pressure
maintenance is sometimes used to describe a secondary
recovery process.

When gasis used as the pressure maintenance agent, it
isusually injected into a zone of free gas (i.e., a gas cap)
to maximize recovery by gravity drainage. The injected
gasis usually natural gas produced from the reservoir in
guestion. This, of course, defers the sale of that gas until
the secondary operation is completed and the gas can be
recovered by depletion. Other gases, such as N, can be
injected to maintain reservoir pressure. This allows the
natural gasto be sold asit is produced.

Waterflooding recovers oil by the water’s moving
through the reservoir as a bank of fluid and “pushing”
oil ahead of it. The recovery efficiency of awaterflood is
largely afunction of the sweep efficiency of the flood and
theratio of the oil and water viscosities.

Sweep efficiency isameasure of how well thewater has
come in contact with the available pore space in the oil-
bearing zone. Grossheterogeneitiesintherock matrix lead
to low sweep efficiencies. Fractures, high-permeability
streaks, and faults are examples of gross heterogeneities.
Homogeneous rock formations provide the optimum set-
ting for high sweep efficiencies.

When an injected water is much less viscous than the
oil it ismeant to displace, the water could begin to finger,
or channel, through the reservoir. This is referred to as
viscous fingering and leads to significant bypassing of
residua oil andlower flooding efficiencies. Thisbypassing
of residua oil isan important issue in applying enhanced
oil recovery techniques as well asin waterflooding.

Tertiary recovery processes were developed for appli-
cation in situationsin which secondary processes had be-
come ineffective. However, the same tertiary processes
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were also considered for reservoir applications for which
secondary recovery technigques were not used because of
low recovery potentia. In the latter case, the name ter-
tiary is a misnomer. For most reservoirs, it is advanta
geous to begin a secondary or atertiary process concur-
rent with primary production. For these applications, the
term enhanced oil recovery (EOR) was introduced and
has become popular in referring to, in general, any re-
covery process that enhances the recovery of oil beyond
what primary and secondary production would normally
be expected to yield.

Enhanced oil recovery processes can be classified into
four categories:

1. Miscible flooding processes
2. Chemical flooding processes
3. Thermal flooding processes
4. Microbial flooding processes

The category of miscible displacement includes single-
contact and multiple-contact miscible processes. Chem-
ical processes are polymer, micellar—polymer, and alka-
line flooding. Thermal processesinclude hot water, steam
cycling, steam drive, and in situ combustion. In general,
thermal processes are applicable in reservoirs containing
heavy crude oils, whereas chemical and miscible displace-
ment processes are used in reservoirs containing light
crude oils. Microbial processes use microorganismsto as-
sist in oil recovery.

B. Hydrocarbon Reserves and Potential
of Enhanced Recovery

In the United States, the remaining producible reserve is
estimated to be 21 billion barrels. Of this 21 hillion, cur-
rently implemented EOR projects are expected to recover
3 billion barrels. A 1998 report in the Oil and Gas Jour-
nal listed a production of 759,653 barrels of oil per day
(b/d) from EOR projectsin the United States. Thisamount
represented about 12% of thetotal U.S. oil production.

A somewhat dated but highly informative study con-
ducted by the U.S. National Petroleum Council (NPC)
and published in 1984 determined that, with current EOR
technology, an estimated 14.5 billion barrels of oil could
be produced in the United States over a 30-yr period. This
amount includes the 3 billion barrels that are expected to
be produced from current EOR projects. The 14.5-billion-
barrel figure was derived from aseries of assumptionsand
subsequent model predictions. Included in the assump-
tions was an oil base price of $30 per barrel in constant
1983 U.S. dollars. The ultimate oil recovery was projected
to be very sensitive to oil price, as shown in Tablel.
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TABLE | Ultimate Oil Recovery from Enhanced
Oil Recovery Methods as a Function of Oil Price?

Qil price per bbl Ultimate recovery
(1983 U.S. dallars) (billions of bbl)
20 74
30 145
40 175
50 19.0

a bhbl, barrel(s).

The NPC study also attempted to predict what the ul-
timate recoveries could reach if technological advance-
ments were made in EOR processes. A potential 13-15
billion barrels of oil could be added to the figures in
Table | if research activities led to improvements in EOR
technol ogy.

Interestin EOR activity isincreasing outside the United
States. In the same Oil and Gas Journal report that was
referenced earlier, the worldwide production from EOR
projects was listed as 2.3 million b/d. The largest project
in the world at the time of the 1998 Oil and Gas Journal
report wasasteam driveinthe Duri fieldin Indonesia. The
Duri steam drive was producing about 310,000 b/d in the
first quarter of 1998. Total estimated recovery from the
Duri field is expected to be nearly 2 billion barrels of oil.
Canada continuesto report significant EOR production of
400,000 b/d, while China and Russia have increased their
production to 280,000 and 200,000 b/d, respectively.

II. FUNDAMENTALS OF
FLUID PRODUCTION

A. Overall Recovery Efficiency

The overal recovery efficiency E of any fluid displace-
ment process is given by the product of the macroscopic,
or volumetric, displacement efficiency E, and the micro-
scopic displacement efficiency Eg:

E = E,Eq.

The macroscopic displacement efficiency is a measure of
how well the displacing fluid has comein contact with the
oil-bearing parts of the reservoir. The microscopic dis-
placement efficiency is a measure of how well the dis-
placing fluid mobilizes the residual oil once the fluid has
come in contact with the oil.

The macroscopic displacement efficiency is made up
of two other terms, the areal, Eg, and vertical, E;, sweep
efficiencies:

EV = EsEi.
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B. Microscopic Displacement Efficiency

Themicroscopic displacement efficiency isaffected by the
following factors: interfacial and surface tension forces,
wettability, capillary pressure, and relative permeability.

When a drop of one immiscible fluid is immersed in
another fluid and comes to rest on asolid surface, the sur-
face area of the drop will take aminimum value dueto the
forces acting at the fluid—fluid and rock—fluid interfaces.
The forces per unit length acting at the fluid-fluid and
rock-fluid interfacesarereferred to asinterfacial tensions.
The interfacial tension between two fluids represents the
amount of work required to create a new unit of surface
area at the interface. The interfacial tension can also be
thought of asameasure of the immiscibility of two fluids.
Typical values of oil-brine interfacial tensions are on the
order of 20-30 dyn/cm. When certain chemical agentsare
added to an oil-brine system, it is possible to reduce the
interfacial tension by several orders of magnitude.

The tendency for a solid to prefer one fluid over an-
other is called wettability. Wettability is afunction of the
chemical composition of both the fluids and the rock. Sur-
faces can be either oil-wet or water-wet, depending on the
chemical composition of the fluids. The degree to which
arock is either oil-wet or water-wet is strongly affected
by the adsorption or desorption of constituents in the oil
phase. Large, polar compoundsin the oil phase can absorb
onto the solid surface; thisleavesan ail film that may alter
the wettability of the surface.

The concept of wettability leads to another significant
factor intherecovery of residual oil. Thisfactoriscapillary
pressure. To illustrate capillary pressure, let us consider
a capillary tube that contains both oil and brine, the oil
having alower density than that of the brine. The pressure
in the oil phase immediately above the oil-brine inter-
face in the capillary tube will be dlightly greater than the
pressure in the water phase just below the interface. This
difference in pressure is called the capillary pressure P,
of the system. The greater pressure will always occur in
the nonwetting phase. An expression relating the contact
angled, theradiusr of the capillary, the oil-brineinterfa-
cial tension yy,0, and the capillary pressure P. isgivenin
Eq. (2):

P = (2ywo COSO)/r. D

This equation suggests that the capillary pressure in a
porous medium is a function of the chemical composi-
tion of the rock and fluids, the pore size distribution, and
the saturation of thefluidsin the pores. Capillary pressures
have al so been found to be afunction of the saturation his-
tory, athough this dependence is not reflected in Eq. (1).
Because of this, different values will be obtained during
the drainage process (i.e., displacing the wetting phase
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with the nonwetting phase) than those obtained during the
imbibition process (i.e., displacing the nonwetting phase
with the wetting phase). This historesis phenomenon is
exhibited in all rock-fluid systems and is an impor-
tant consideration in the mathematical modeling of EOR
processes.

It has been shown that the pressure required to force a
nonwetting phase through a small capillary can be very
large. For instance, the pressure drop required to force an
oil drop through atapering constriction that has aforward
radius of 0.00062 cm, a rearward radius of 0.0015 cm, a
contact angle of 0°, and aninterfacial tension of 25dyn/cm
is0.68 psi. If the oil drop were 0.01 cm long, a pressure
gradient of 2073 psi/ft would be required to movethe drop
through the constriction. This is an enormous pressure
gradient, which cannot be achieved in practice. Typical
pressure gradients obtained in reservoir systemsare of the
order of 1-2 psi/ft.

Another factor affecting the microscopic displacement
efficiency is the fact that two or more fluids are usually
flowinginan EOR process. When two or morefluid phases
are present, the saturation of one phase affects the perme-
ability of the other(s), and relative permeabilities have to
be considered. Figure 1 is an example of a set of rela
tive permeability curves plotted against the wetting phase
saturation (water in this case).

Therelativepermeability toail, Ko, isplotted ontheleft
vertical axis, whereas the relative permeability to water,
Kw, isplotted on theright. The curvefor K, goesto zero
at Sy, the residual oil saturation. Once the oil saturation
has been reduced to this point in a pore space by a water-
flood, no more oil will flow, since K, is zero. Similarly,
at saturations bel ow the irreducible water saturations, S,y

0o

0 Swr Sor 1.0
Sw

FIGURE 1 Typical water—oil relative permeability curves for a
porous medium.
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in the figure, water will not flow, since K, is zero. The
curves are strong functions of wettability and do exhibit
a historesis effect (especialy for the nonwetting phase
permeability).

C. Macroscopic Displacement Efficiency

Factors that affect the macroscopic displacement effi-
ciency are the following: heterogeneities and anisotropy,
the mobility of the displacing fluids compared with the
mobility of the displaced fluids, the physical arrangement
of injection and production wells, and the type of rock
matrix in which the oil exists.

Heterogeneities and anisotropy of an oil-bearing for-
mation have a significant effect on the macroscopic dis-
placement efficiency. The movement of fluidsthrough the
reservoir will not be uniform if there are large variations
in such properties as porosity, permeability, and clay con-
tent. Limestone formations generally have wide fluctua-
tionsin porosity and permeability. Also, many formations
have a system of microfractures or large macrofractures.
Any time a fracture occurs in a reservoir, fluids will be
inclined to travel through the fracture because of the high
permeability of the fracture. This may lead to substantial
bypassing of residual oil. The bypassing of residual oil by
injected fluids is a major reason for the failure of many
pilot EOR projects. Much research is being conducted on
how to improve the sweep efficiency of injected fluids.

Mobility is a relative measure of how easily a fluid
moves through porous media. The apparent mobility is
defined as the ratio of