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7-9 Section 7

This chapter describes the primary as well asveddrenegy sourcesThe objedlve is to povide
information on theextent, availability, measurements and estimation, properties, and limitations of each
type of resourceThese considerations are important for an engineer o kamd understand before
attempting selection and design of anrggeaversion systenThe chapter also includesvronmental
impacts of engy resources since themironmental aspects aexpected to play a major role in the
selection of engy resources. In addition, there is a brief discussion of the costs associated with each
resource to help in the economic analysis and comparison the resources.

The chapter starts with an introduction and background of a historical persgecensy use and
projections of the future ergy needs in the U.S., the industrialized countries, anaidhle. The primary
enegy sources described in this chapter include fossil fuels such as coal, gegupatroleum (including
their synthetic devatives), biomass (including refuse-texd biomass fuels), nucleaolar radiation,
wind, geothermal, and ocean. In addition there is a brief section vedi@negy sources including
electriciy. So, the terminology and units used for eachrggneesource and their eiqalence are
provided.

7.1 Introduction

D. Yogi Goswami

Global enegy consumption in the last 50 years has increasedvatyarapid rate. Present trends in
global population gwth, rapid industrialization, and urbanization in major population centers of the
world suggest that theorld enegy demand will continue to increase in thextrb0 years (U.S. DOE,
1991).Figure 7.1.1shows the historical and projectegrld enegy consumption compiled by the Egg
Information Ageiy.
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FIGURE 7.1.1 Historical and projected ergy consumption. (From ElAAnnual Enegy Outlook 1992U.S. DOE,
DOE/EIA-0484(92) Washington D.C.)

The enegy resourcesvailable to furfill theworld demand include

Fossil fuels (oil, coal, naturgas)
Nuclear fuels

Geothermal

Solar radiation

Hydropower
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Energy Resouces 7-3

Biomass (cropswood, municipal solidvaste)
Wind
Ocean
Out of all the engy resources, fossil fuelgide been used the most (88% of total consumption) because

of their extremely high engy densities and simplicity of oeersion and userigure 7.1.2 shows the
world enggy production by resource.
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FIGURE 7.1.2 World enegy production by resource. (From EIMbrld Enegy Outlook International Engy
Agercy, Paris, 1994 With permission.)

Recent concerns about thevieonment areexpected to increase the use of natgas for pwer
production. Reavable enegy resources, such as solar gewind, and biomass, are alegpected to
increase their share of the eme use There is a strong sentiment in thverld in favor of exploiting
renewable eneggy resources, especially because ofienmental concerns. dw far that sentiment
translates into practical use will depend on thestbpment of the remvable eneggy technologies and
prices of the fossil fuels.

Defining Terms

MTOE: Mega tons of oil eqwalent; 1 MTOE = 42.63x 10'? Btu.
Quadrillion Btu: 10 British thermal units (Btu), also kwn as Quad; 1 Btu = 1055 joules).

References

EIA. 1992.Annual Enegy Outlook1992, International Emgy Outlook, Enegy Information Adminis-
tration, dfice of Iniegrated Analysis and-orecasting, U.S. DOE, DOE/EIA-0484(9@%)ashington,
D.C.

EIA. 1993.Annual Enegy Outlook 1993International Engly Outlook, Enegy Information Adminis-
tration, dfice of Iniegrated Analysis and-orecasting, U.S. DOE, DOE/EIA-0383(9@)ashington,
D.C.

IEA. 1994.World Enegy Outlook,Economc Analysis Dvision, International Errgy Agercy, Paris.

U.S. DOE. 1991National Enegy Strategy — Powerful IdeasrfAmerica, 1991National Technical
Information Service, U.S. Department of Commerce, Sfigtty VA.

Further Information

Historial and projected ergy consumption are published annually by thergpénformatian Agercy,
U.S. Department of Emngy, Washington, D.C., and International EgeAgercy, Paris.
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7-4 Section 7

7.2 Types of Derived Energy

D. Yogi Goswami

Enegy from rerewable and nonrezwable fuels can be cverted to the déred enegy forms — thermal,
mechanical, and electrical, which are useful ¥arious end uses such as transportatmildings
(heating, cooling, lighting), agricultural, and industrial end u¥ke deived enegy forms are easily
transformed from one type to the athieigure 7.2.1 shows the projected U.S. emgy use by end-use
secta.
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FIGURE 7.2.1 Projected U.S. emgy use by end-use sect@~rom EIA.Annual Enegy Outlook 1992U.S. DOE,
DOE/EIA-0484(92) Washington, D.C., 1992.)

Transportation is mainly dependent on oil resourc#erti to reduce urban air pollution agected
to increase the use of electricity as the preferredggrferm for urban transportatiofkor most of the
other end uses electricity will continue to be the preferredggrferm. Therefore, it is important to
understand the duity in the area of electricity productiofrigure 7.2.2 shows theworld installed
electricity generation capacity by primary egyesourcesThe United States produces 700 G\\jégiatts
or 18 W), representing more than 25% of therld electricity capacjt Other major electricity producers
are Russia, Europe, Japan, and China. ékpected that China, India, and Southdssian countries
will add major electricity capacity in thesxt 20 years.

Integrated resouce planning (IRP), or least-cost planning, is the process used to optimize the
resource options and minimize the total consumer costs includim@remental and health costs that
may be attbuted to the resource. IRRRamines all of the options, including the demand-side options,
to minimize the total cost$here is considerable emphasis on IRP in a number of states in United States
for future electric cpacity and ordemand-side managemen(DSM) for the current capacity (Kreith
and Burmeiste 1993) The IRP process generally includes some combination of thmviio§ steps
(Kreith and Burmeiste 1993): @velopment of a load forecastiventory ofexisting resources; identi-
fication of additional electrical capacity needs; demand-side management programs; screening and
identification of options that are feasible; uncertainty analysisem of uncertainty of future load, fuel
prices, capital costs, etc; and selection of a resource or a mix of resources.

Demand Side ManagemenDSM refers to a mix of electrical utility-sponsored custom irigest
and disincentes that influence the amount and timing of customer demand in order to better utilize the
available resources. Kreith and Burmeister (1993) and SERI (1991) list a number of D®lylestrat
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FIGURE 7.2.2 World electricity output. (From EIAWorld Energy Outlookinternational Energy Agency, Paris,
1994. With permission.)

Defining Terms

Demand-side management (DSM)Refers to a mix of incentives and disincentives that influence the
amount and timing of energy use in order to better utilize the available resources.

Integrated resource planning(IRP): The process to optimize the resource options and minimize the
total consumer costs including environmental and health costs that may be all attributed to the
resource.

References

EIA. 1992.Animal Energy RevielDOE/EIA-0383(92). Office of Integrated Analysis and Forecasting,
U.S. Department of Energy, Washington, D.C.

IEA. 1994.World Energy Outlooki=conomic Analysis Division, International Energy Agency, Paris.

Kreith, F. and Burmeister, G. 199Bnergy Management and Conservatidfational Conference of
State Legislatures, Denver, CO.

SERI. 1991. Demand Side Management Pocket Guide Book, Volume 1: Residential Technologies; and
Volume 2: Commercial Technologies. SERI (Now National Renewable Energy Laboratory),
Golden, CO.

Further Information

Annual reviews published by the EIA, U.S. Department of Energy, and the International Energy Agency
(see References) provide a wealth of information on electricity capacity and energy consumption by
end-use sectors.
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7-6 Section 7

7.3 Fossil Fuels

Coal
Robert Reuther

Coal Composition and Classification

Coal is a sedimentary rock formed by the accumulation and decagaofio substances deed from
plant tissues andxudates that &ve beenburied over periods of geological time along witlarious
mineral inclusions. Coal is clafisid bytype and rank. Coal type classifies coal by the plant sources
from which itwas deived. Coal rank classifies coal by itegtee of metamorphosis from the original
plant sources and is therefore a measure of the age of th@leagrocess of metamorphosis or aging
is termedcoalification.

The study of coal by type is &wn as coal petrogréy. Coal type is determined from thkeamination
of polished sections of a coal sample usingflected-light microscopé’he dgree of reflectance and
color of a sample are idefidd with specific residues of the original plant tissiaesevarious residues
are referred to amacerals. Macerals are collected into three main groups: vitrinite, inertinite, and
exinite (sometimes referred to as liptinit#he maceral groups and their associated macerals are listed
in Table 7.3.1along with a description of the plant tissue from which each distinct maceral type is
deiived.

TABLE 7.3.1 Coal Maceral Groups and Macerals

Maceral Group Maceral Derivation

Vitrinite Collinite Humic gels
Telinite Wood, bark, and cortical tissue
Pseudvitrinite ? (Some obsegors place in the inertinite group)

Exinite Sporinite Fungal and other spores
Cutinite Leaf cuticles
Resinite Resin bodies and was
Alginite Algal remains

Inertinite Micrinite Unspecified detrital matte<10 um
Macrinite Unspecified detrital matte10—100um
Semifusinite “Burned” woody tissue,dw reflectance
Fusinite “Burned” woody tissue, high reflectance
Sclerotinite Fungal sclerotia and mycelia

Modified from Berlowitz, N., An Intoduction to CoallechnologyAcademic Press, & York, 1979.

Coal rank is the most important property of coal, since it is rank which initiates théicdtissi of
coal for use. Rank is a measure of the agesgreg@ of coalification of coal. Coalification describes the
process which theuried aganic matter goes through to become c@é#hen firstburied, the aganic
matter has a certain elemental composition agdroc structure. blvever, as the material becomes
subjected to heat and pressure, the composition and struawg shange. Certain structures are
broken cdwn, and others are formed. Some elements are lost thralgtilization while others are
concentrated through a number of processes, including bginged to undground fows which carry
away some elements and deposit others. @oation changes thealues ofvarious properties of coal.
Thus, coal can be classified by rank through the measurement of one or more of these changing properties.

In the United States and Canada, the rank ¢ieason scheme defined byetAmerican Society of
Testing and Materials (ASTM) has become the standard. In this scheme, the propgrtiss célorific
value andfixed carbon or volatile matter contentare used to classify a coal by rank. Gross datori
value is a measure of the egye content of the coal and is usuatipressed m units of ergy per unit
mass. Calorificvalue increases as the coal proceeds throughficaibn. Fked carbon content is a
measure of the mass remaining after heating a dry coal sample under conditidiesidpetie ASTM.
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Energy Resouces 7-7

Fixed carbon content increases with diedition The conditions specified for the measuremeriixed
carbon content result in being able alteiredy to use thevolatile matter content of the coal measured
under dy, ash-free conditions as a rank paramelée rank of a coal proceeds from lignite, the
“youngest” coal, through subbituminous, bituminous, and semibituminous, to anthracite, the “oldest”
coal Thereexist subdvisions within these rank caories which are defined Table 7.3.2(Some rank
schemes include meta-anthracite as a rawokealor “older” than, anthracite. Others prefer to classify
such deposits as graphite. Graphite is a minimal resource salligble primarily for uses other than
as a fue). According to tle ASTM scheme, coals are tad by calorificvalue up to the higholatile

A bituminous rank, which includes coals with cdiorivalues (measured on a moist, mineral nmatte
free basis) greater than 14,000 Btu/Ib (32,564 kJAigdhis point, fked carbon content (measured on
a diy, mineral mattefree basis) teesover as the rank paramet@hus, a highvolatile A bituminous
coal is defined asaiing a calorificvalue greater than 14,000 Btu/kmyt a fixed carbon content less
than 69 wt% The requirement for dving two different properties with which to fiee rank arises
because calorifigalue increases significantly through tbesér-rank coalshut very little (in a relate
sense) in the higheanks, whereasxed carbon content has a wider range in highek coalsbut
little (relaive) change in theolver-ranks The most widely used cla$isation scheme outside of North
America is that dveloped under the jurisdiction of the International Standardar@xation Technical
Committee 27, Solid Mineral Fuels.

Coal Analysis

The composition of a coal is typically reported in terms opitsximate analysisand itsultimate
analysis The proximate analysis of a coal is made up of four constituigile matter content,Xed
carbon content, moisture content, and ash content, all of which are reported on a weight percent basis.
The measurement of these four properties of a coal must be carried out according to sfrztEpeci
codified by tle ASTM.

Volatile matter in coal includes carbon dioxide rgamic sulfu- and nitrogen-containing species, and
organic compoundshe percentage ofarious species present depends on.rdolatile matter content
can typically be reported on a number of bases, such as mgjsthideral mattefree (dmmf); moist,
mineral mattefree; moist, ash-free; andydrash-free (daf); depending on the condition of the coal on
which measurements were made.

Mineral matter and ash angd distinct entities. Coal does not contain &kn though the ash content
of a coal is reported as part of its proximate analysis. Instead, coal contains minerawhegtttecan
be present both as distinct mineral entities or inclusions and intimately bound witlgahe anatrix
of the coal Ash, on the other hand, refers to the solidgaaic material remainingfter combusting
coal sample. Proximate ash content is the ash remaining after the coal hasplosed to air under
specific conditions (ASTM StandhTest Method D 3174). It is reported as the mass percent remaining
upon conbustion of the original sample on either a dry or moist basis.

Moisture content refers to the massaafter which is released from the solid coal sample when it is
heated under specific conditions of temperature and residence time felaodiSTM Standad Test
Method D 3173.

The fixed carbon content refers to the mass mfanic matter remaining in the sample after the
moisture andvolatile matter are released. It is primarily made up of carbon with lesser amounts of
hydrogen, sulfy and nitrogen also present. It is typically reported lifedince from the total of the
volatile matte, ash, and moisture contents on a mass percent of the original coal sampl&lteasis
naively, it can be reported on a dry basis; a dmmf basis; or a moist, minerat-imesgttbasis.

Thevalues associated with the proximate analyary with rank. In generaljolatile matter content
decreases with increasing rank, wHileed carbon content correspondingly increases. Moisture and ash
also decrease, in general, with ramypical values for proximate analysis as a function of the rank of
a coal are mvided in Table 7.3.3.

The ultimate analysis of a coal reports the composition ofrfenix fraction of coal on an elemental
basis. Lke the proximate analysis, the ultimate analysis can be reported on a moist or drydasis an
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TABLE 7.3.2 Classification of Coals by Rank

Fixed Carbon Limits, % Volatile Matter limits, % Gross Calorific Value Limits,
(dmmif) (dmmf) Btu/lb (moist, mmf)
Equal or Equal or Less Equal or Agglomerating
Class Group Greater Than Less Than Greater Than Than Greater Than Less Than Character
Anthracitic Meta-anthracite 98 — — 2 — — Nonagglomerating
Anthracite 92 98 2 8 — — Nonagglomerating
Semianthracite 86 92 8 14 — — Nonagglomerating
Bituminous Low volatile 78 86 14 22 — — Commonly
bituminous agglomerating
Medium volatile 69 78 22 31 — — Commonly
bituminous agglomerating
High volatile A — 69 31 — 14,000 — Commonly
bituminous agglomerating
High volatile B — — — — 13,000 14,000 Commonly
bituminous agglomerating
High volatile C — — — — 11,500 13,000 Commonly
bituminous agglomerating
High volatile C — — — — 10,500 11,500 Agglomerating
bituminous
Subbituminous  Subbituminous A — — — — 10,500 11,500 Nonagglomerating
Subbituminous B — — — — 9,500 10,500 Nonagglomerating
Subbituminous C — — — — 8,300 9,500 Nonagglomerating
Lignitic Lignite A — — — — 6,300 8,300 Nonagglomerating
Lignite B — — — — — 6,300 Nonagglomerating

From the American Society for Testing and Materials’ Annual Book of ASTM Standards. With permission.

/ U0I709S
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TABLE 7.3.3 Calorific Values and Poximate Analyses & Ash-Free Coals of Diffeent Rank
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From Averitt, P, Coal Resources of the United States, January 1, 1974. U.S. Geologiegl Bulketin 1412,
Government Printing @ice, Washington, D.C., 1975.

TABLE 7.3.4 Ultimate Analyses in MassPercent of Repesentative Coals of theJ.S.

Fort Union Power River Four Corners lllinois C Appalachia
Component Lignite Subbbituminous  Subbbituminous  Bituminous  Bituminous
Moisture 36.2 30.4 12.4 16.1 2.3
Carbon 39.9 45.8 47 5 60.1 73.6
Hydrogen 2.8 3.4 3.6 4.1 4.9
Nitrogen 0.6 0.6 0.9 11 14
Sulfur 0.9 0.7 0.7 29 2.8
Oxygen 11.0 11.3 9.3 8.3 5.3
Ash 8.6 7.8 25.6 7.4 9.7
Gross calorific 6,700 7,900 8,400 10,700 13,400

value, Btu/lb

Modified from Probstein, R. and Hicks, Bynthetic FueldMcGraw-Hill, New York, 1982 With permission.

an ash-containing or ash-free bad3ike moisture and ash reported in the ultimate analyis are found
from the corresponding proximate analysis. Nearry element on Earth can be found in coalwiler,

the important elements which occur in thrgamic fraction are limited to af. The most important of

these include carbohydrogen, oxygen, sulfunitrogen, and, sometimes, chloriiié@e scope, definition

of the ultimate analysis, designation of applicable standards, and calculations for reporting results on
different moisture bases can be found$TM Standad Test Method D 3176MTypical values for the
ultimate analysis fovarious ranks of coal found in the United States@ovided in Table 7.3.4.

Coal Properties

Other important properties of coal include swelling, caking, and cokingribehash fusibility; reac-
tivity; and calorificvalue.
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7-10 Section 7

Calorific value measures the energy available in a unit mass of coal sample. It is measured by ASTM
Standard Test Method D 201 5M, Gross Calorific Value of Solid Fuel by the Adiabatic Bomb Calorimeter,
or by ASTM Standard Test Method D 3286, Gross Calorific Value of Solid Fuel by the Isothermal-Jacket
Bomb Calorimeter. In the absence of a directly measured value, the gross calorifiQyaliia, coal
(in Btu/lb) can be estimated using the Dulong formula (Elliott and Yohe, 1981):

Q =14,544C + 62,024 H - (0/8)| + 4,0508

where C, H, O, and S are the mass fractions of carbon, hydrogen, oxygen, and sulfur, respectively,
obtained from the ultimate analysis.

Swelling, caking, and coking all refer to the property of certain bituminous coals, when slowly heated
in an inert atmosphere to between 450 and 550 di6@® change in size, composition, and, notably,
strength. Under such conditions, the coal sample initially becomes soft and partially devolatilizes. With
further heating, the sample takes on a fluid characteristic. During this fluid phase, further devolatilization
causes the sample to swell. Still further heating results in the formation of a stable, porous, solid material
with high strength. There are several tests which have been developed based on this property to measure
the degree and suitability of a coal for various processes. Some of the more popular are the free swelling
index (ASTM Test Method D 720), the Gray-King assay test (initially developed and extensively used
in Great Britain), and the Gieseler plastometer test (ASTM Test Method D 2639), as well as a whole
host of dilatometric methods (Habermehl et al., 1981). The results of these tests are often correlated
with the ability of a coal to form a coke suitable for iron making. In the iron-making process, the high
carbon content and high surface area of the coke are utilized to reduce iron oxide to elemental iron. The
solid coke must also be strong enough to provide the structural matrix upon which the reactions take
place. Bituminous coals which have good coking properties are often referred to as metallurgical coals.
(Bituminous coals which do not have this property are, alternatively, referred to as steam coals because
of their historically important use in raising steam for motive power or electricity generation.)

Ash fusibility is another important property of coals. This is a measure of the temperature range over
which the mineral matter in the coal begins to soften and eventually to melt into a slag and to fuse
together. This phenomenon is important in combustion processes; it determines if and at what point the
resultant ash becomes soft enough to stick to heat exchanger tubes and other boiler surfaces or at what
temperature it becomes molten so that it flows (as slag), making removal as a liquid from the bottom
of a combustor possible.

Reactivity of a coal is a very important property fundamental to all coal conversion processes (the
most important of which are combustion, gasification, and liquefaction). In general, lower-rank coals
are more reactive than higher-rank coals. This is due to several different characteristics of coals, which
vary with rank as well as with type. The most important characteristics are the surface area of the coal,
its chemical composition, and the presence of certain minerals which can act as catalysts in the conversion
reactions. The larger surface area present in lower-rank coals translates into a greater degree of penetration
of gaseous reactant molecules into the interior of a coal particle. Lower-rank coals have a less aromatic
structure than higher-rank coals, which, along with contributing to larger surface area, also corresponds
to a higher proportion of lower-energy, more-reactive chemical bonds. Lower-rank coals also tend to
have higher proximate ash contents, and the associated mineral matter is more distributed — down to
the atomic level. Any catalytically active mineral matter is thus more highly dispersed, also. However,
the reactivity of a coal also varies depending upon what conversion is being attempted. That is, the
reactivity of a coal toward combustion (oxidation) is not the same as its reactivity toward liquefaction,
and the order of reactivity established in a series of coals for one conversion process will not necessarily
be the same as for another process.

Coal Reserves

Coal is found throughout the United States and the world. It is the most abundant fossil energy resource
in the United States and in the world. It comprises 95% of United States fossil energy resources and
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Energy Resouces 7-11

70% ofworld fossil enegy resources on an egg content basisAll coal ranks can be found in the
continental United State$he lagest resources in the United States are made up of lignite and subbi-
tuminous coals, which are found primarily in the western United StateAlaska. Bituminous coals

are found principally in the Midwest, nortineklaska, and th Appalachian egion. Principal deposits

of anthracite coal are found in northeastern Pemagsid The Alaskan coals &/e not beerextensvely

mined because of their remoteness and the harsh climate. Of the other indigenous coal resources, the
anthracite coalsdve beerextensvely mined to where there is little economic resource left; the bitumi-
nous coals are beingddly mined in the bwer 48 states, especially those wittv Isulfur contents (less

than 2.5 wt%); and thew-rank coals in ta West fave historically been less &gly mined because of

their low calorificvalue, high moisture and ash contents, and their distance frgennteakets, although

with the enactment of the 19%mendments to the ClaaAir Act of 1970, these coals are replacing
high-sulfur Eastern coals in the rkatplace A map stowing the general distiution of coal in thedwer

48 states is included &sgure 7.3.1.
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FIGURE 7.3.1 Coal fields of the conterminous (FndAveritt, P, Coal Resources of the United States, January 1,
1974. U.S. Geological Sugy Bulletin 1412, Gvernment Printing @ice, Washington, D.C., 1975.)

The amount of coal (pfor that matte any minable resource) thakists is not kown exactly and
is continually changing as old deposits are mined out anddeposits are diswered or reclassified.
Estimates are published by nyadifferent groups throughout teorld. In the United States, the Egg
Information Administration, an fiice within the U.S. Department of Egg, gathers and publishes
estimates fronvarious sources, includingdghVorld Enagy Council and British Petroleum, Lt@ihese
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7-12, Section 7

latter groups subscribe to a set ofidi¢ions for classifying the estimates which are agkedged both
in the United States and the United Kingdarhe most commonly used terms ardimmed bebw (as
taken fram Averitt, (1981):

Resouces: The total quantity of coal in the ground within spied limits of thickness of bed
overburden The thickness obverburden defining this termaaries from egion to egion in the
world.

Hypothetical Resaues: The quantity of coal estimated to be in the ground in unmapped a&kd un
plored parts of kawn coal basins to aoverburden depth of 6000 ft; determined éstrapolation
from the nearest areas of idéietil resources.

Identified Resawes:The quantity of coal in the measured, indicated, and inferred resousgeri=s.

Measued Resorces: The quantity of coal in the ground based on assured coal bed correlations and
on obsevations spaced about 0.5 mi apart.

Indicated Resawes: The quantity of coal in the ground based partly on $gecbsevations and
partly on reasonable geological projections; the points of edits@m and measurement are about
1 mi apartbut may be 1.5 mi apart for beds ofdwn continuit.

Inferred Resorces: The quantity of coal in the ground based on continuity of coal bedadip
from and adjoining areas containing measured and indicated resources. @eimdesiked
resources lie 2 mi or more from outcrops or from points of more precise information.

Demonstrated Reserve Baskhe quantity of coal in the ground in the measured and indicated
resources cajories; restricted primarily to coal in thick and intermediate beds less than 1000 ft
below the suface and deemed to be economically agdlly available for mining.

Reserves, or Recoverable Reservdse quantity of coal in the ground that can beovered from
the demonstrated reserbase by application of the oeerability facta.

Recoverability FactarThe percentage of coal in the demonstrated vedsse that can be overed
by established mining practices.

The demonstrated reserbase for coals in the United States as of January 1, 1993, is approximately
474.1 billion (short) tons. It is bken out by rank, state, and mining method féeze or undeyround)

in Table 7.3.5As of December 31, 1990 (December 30, 1991, for the United Statesjothe
recverable reseresare estimated to be 1145 billion (short) tohdreakdwn by region and country

is provided n Table 7.3.6 The reoverability factor for all coals camary from approximately 40% to

over 90% depending on the in@lual depositThe reoverable reseres in the United States represent
approximately 56% of the demonstrated resevase Thus, the United States contains (by weight)
approximately 23% of the recerable resefes of coal in thevorld.

Environmental Aspects

Richard Bajura

Along with coal production and use comes a myriad of potemtidlommental problems, most of which
can be ameliorated offectively addressed during maery, processing, awersion, or reclamation.

Undeaground coal resges are reavered using theato principal methods of room-and-pillar mining
(60%) and longall mining (40%). In room-and-pillar mining, coal is remad from the seam in a
chekerboard pattern (the “room”) asewied from alove, leaving pillars of coal in an alternate pattern
to support the roof of the ming/hen using this technolgggenerally half of the resars are left
undeground. Depending upon the depth of the seam and characteristicsooétheden, subsidence
due to the rewval of the coal mayféect the suiace may years after the mining operation is completed.
Because of the danger of collapse ana/ement of the sfiace, undermined lands are not used as
building sites for lege, hewvy structures.

Longwall mining techniques emp} the neacontinuous remval of coal in rectangular blocks with
a vertical cross section equal to the height of the seam multiplied by the horiedetal (width) of
the panel being mined\s the longvall cutting heads a@nce into the coal seam, the equipment is
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TABLE 7.3.5 Coal Demonstrated Reserve Base, January 1, 1993 (billion short tons)

Anthracite Bituminous Coal' Lignite Total
Underground

Region and State and Surface? Underground Surface Surface® Underground Surface Total
Appalachian 74 81.8 16.6 11 85.7 211 106.8
Alabama 0 1.4 22 1.1 14 33 4.7
Kentucky, Eastern 0 71 1.5 0 71 15 8.6
Ohio 0 17.9 6.0 ¢} 17.9 6.0 238
Pennsylvania 72 20.7 1.1 0 246 4.5 29.1
Virginia 0.1 1.6 0.7 0 17 0.7 25
West Virginia 0 31.8 4.7 0 31.8 47 36.5
Other* 0 1.2 0.4 0 1.2 0.4 1.6
Interior 0.1 92.7 26.7 137 92.8 40.4 1333
lllinois 0 62.6 154 0 62.6 15.4 78.0
Indiana 0 8.9 12 0 8.9 12 10.1
lowa 0 1.7 0.5 0 1.7 05 22
Kentucky, Western 0 16.4 3.8 0 16.4 3.8 20.2
Missouri 0 15 4.5 0 1.5 45 6.0
Oklahoma 0 12 0.3 0 1.2 0.3 16
Texas 0 0 0 13.2 0 13.2 13.2
Other® 0.1 0.3 1.1 0.5 0.4 1.6 2.0
Western ® 140.3 63.7 299 140.4 936 234.0
Alaska Q 5.4 0.7 ® 54 0.7 6.1
Colorado © 12.0 0.6 4.2 12.0 48 16.8
Montana ® 71.0 332 15.8 71.0 48.9 119.8
New Mexico o] 2.1 2.3 0 21 23 4.4
North Dakota 0 0 0 96 0 9.6 9.6
Utah 0 58 0.3 0 58 0.3 6.0
Washington 0 1.3 0.1 ® 1.3 0.1 1.4
Wyoming 0 425 26.5 0 425 26.5 69.1
Other’ 0 0.1 0.1 0.4 0.1 0.5 0.6
U.S. Total 7.5 3148 1071 447 318.9 155.1 4741
States East of the Mississippi River 7.4 169.9 36. 11 173.8 414 215.2
States West of the Mississippi River 0.1 145.0 70.1 43.6 1451 113.7 258.8

! Includes subbituminous coal.

2 Includes 3,396.4 million short tons of surface mine reserves, of which
3,380.8 million tons are in Pennsylvania and 15.6 million tons are
in Arkansas.

3 There are no underground demonstrated reserves of lignite.

* Georgia, Maryland, North Carolina, and Tennessee.

S Arkansas, Kansas, Louisiana, and Michigan.

¢ Less than 0.05 billion short tons.

7 Arizona, Idaho, Oregon, and South Dakota.

© 1999 by CRC Press LLC

Notes: Data represent 100 percent of known measured and indicated coal, with qualifying seam
thicknesses and depths, in place as of January 1, 1993. Recoverability varies from less than
40 percent to more than 90 percent for individual deposits. Fifty-six percent of the demonstrated
reserve base of coal in the United States is estimated to be recoverable.

Totals may not equal sum of components due to independent rounding.

Sources: Energy Information Administration (EIA), Coal Production 1992 (October 1993),
Tables A1, A2, A3, and A4, and EIA, U.S. Coal Reserves: An Update by Heat and Sulfur Content
(February 1994, page 23.
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TABLE 7.3.6 World Recoverable Reserves of Coal (million short tons)

v1-L

Anthracite and Bituminous Coal Subbituminous Coal and Lignite Totat
Region and Country World Energy Council' | British Petroleum' World Energy Council’ British Petroleum’ World Energy Council' British Petroleum’
North America 123,741 123,741 152,544 152,342 276,285 276,083
Canada 4,970 4,970 4535 4,535 9505 9,505
Mexico 1,380 1,380 516 516 1,896 1,896
United States? 117,391 117,391 147,291 147,291 264,682 264,682
Other — — 202 — 202 -—
Central and South America 6,226 6,226 4,478 4,476 10,703 10,702
Brazil — — 2,600 2,600 2,600 2,600
Chile 34 — 1,268 —_ 1,302 —
Colombia 4,674 4,674 330 330 5,003 5,003
Peru 1,058 — 110 —_ 1,168 —_
Other 460 1,552 169 1,546 629 3,098
Western Europe 32,411 32,334 92,493 74,506 124,904 106,840
Germany 26,366 26,366 61,895 61,895 88,261 88,261
Greece — — 3,307 3,307 3,307 3,307
Spain 937 — 661 — 1,598 —
Turkey 179 179 7,701 7,701 7,879 7879
United Kingdom 3,638 3,638 551 551 4,189 4,189
Yugoslavia 77 — 18,188 —_ 18,265 —
Other 1,215 2,152 18 1,052 1,404 3,204
Eastern Europe and U.S.S.R. 150,021 150,098 179,436 197,625 320,457 347,723
Bulgaria 33 — 4,079 — 4112 —
Czechoslovakia 2,061 —_ 3,858 — 5919 —
Hungary 857 —_ 4,260 — 4917 —
Poland 32,628 32,628 12,787 12,787 45,415 45,415
USSR 114,640 114,640 151,017 151,017 265,657 265,657
Other 1 2,830 3,436 33,821 3,437 36,651
Africa 67,024 67,033 1,397 1,397 68,420 68,429
Botswana 3,858 — — — 3,868 —
South Africa 60,994 60,994 —_ —_ 60,994 60,994
Swazliand —_ —_ 1,101 —_ 1,101 —_
Zimbabwe 809 809 — — 809 809
Other 1,434 5,229 295 1,397 1,730 6,626
Far East, Oceania, and Middle East 188,450 188,523 146,710 146,668 335,160 335,194
Australia 49,979 49,979 50,265 50,251 100,244 100,230
China 68,564 68,564 57,651 57,635 126,215 126,198
india 66,853 66,853 2,094 2,094 68,947 68,947
Indonesia 1,060 1,060 34,283 34,273 35,343 35,334
Japan N2 912 19 18 930 930
Other 1,082 1,156 2,398 2,397 3,479 3,552
World 567,946 567,743 577,057 577,015 1,145,002 1,144,758
! See Note 3 at end of Section. — = Not applicable.
2 U.S. data are more current than other data on this table. They represent
recoverable reserves as of December 31, 1991; data for the other countries Notes: The EIA does not certify the international reserves data but reproduces the information as
are as of December 31, 1930, the most recent period for which they are a matter of convenience for the reader.
available. U.S. reserves represent both measured and indicated tonnage.
The U.S. term "measured” approximates the term “proved," which is used Totals may not equal sum of components due to independent rounding.
by the World Energy Council and British Petroleum. The U.S. "measured
and indicated” data have been combined prior to depletion adjustments Source: EIA, International Energy Annual 1992 (January 1994), Table 37.

and cannot be recaptured as “measured alone.”
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automatically moved forward. The roof of the mine collapses behind the shields, and most of the effects
of subsidence are observed on the surface within several days of mining. If the longwall mining operation
proceeds in a continuous fashion, subsidence may occur smoothly so that little damage occurs to surface
structures. Once subsidence has occurred, the surface remains stable into the future. Longwall mining
operations may influence water supplies as a result of fracturing of water-bearing strata far removed
from the panel being mined.

When coal occurs in layers containing quartz dispersed in the seam or in the overburden, miners are
at risk of being exposed to airborne silica dust, which is inhaled into their lungs. Coal workers pneu-
monoconiosis, commonly called black lung disease, reduces the ability of a miner to breathe because
of the effects of fibrosis in the lungs.

Surface mining of coal seams requires the removal of large amounts of overburden, which must
eventually be replaced into the excavated pit after the coal resource is extracted. When the overburden
contains large amounts of pyrite, exposure to air and water produces a discharge known as acid mine
drainage, which can contaminate streams and waterways. Iron compounds formed as a result of the
chemical reactions precipitate in the streams and leave a yellow- or orange-colored coating on rocks
and gravel in the streambeds. The acid caused by the sulfur in the pyrite has been responsible for
significant destruction of aquatic plants and animals. New technologies have been and continue to be
developed to neutralize acid mine drainage through amendments applied to the soil during the reclamation
phases of the mining operation. Occasionally, closed underground mines fill with water and sufficient
pressure is created to cause “blowouts” where the seams reach the surface. Such discharges have also
been responsible for massive fish kills in receiving streams.

The potential for acid rain deposition from sulfur and nitrogen oxides released to the atmosphere
during combustion is a significant concern. About 95% of the sulfur oxide compounds can be removed
through efficient stack gas cleaning processes such as wet and dry scrubbing. Also, techniques are
available for removing much of the sulfur from the coal prior to combustion. Combustion strategies are
also being developed which reduce the formation and subsequent release of nitrogen oxides.

The potential for greenhouse warming due to emissions of carbon dioxide during combustion (as well
as methane during mining and mine reclamation) has also been raised as a significant concern. Since
coal is largely composed of carbon with relatively little hydrogen, its combustion leads to a higher level
of carbon dioxide emissions per unit of energy released than for petroleum-based fuels or natural gas.

Transportation
Larry Grayson

According to figures compiled by the United States Department of Energy’s Energy Information Admin-
istration (Coleman, 1994), 878 million (short) tons of coal were distributed domestically in 1993,
primarily via rail (59.6%), followed by barge (13.9%), truck (13.2%), and conveyor and slurry pipeline
(10.8%). Shipments to electric utilities amounted to 773.5 million (short) tons during the same year,
with 61.5% transported by rail, followed by 14.0% by barge, 11.7% by truck, and 11.0% by conveyor
and slurry pipeline.

Villagran (1989) compared the cost advantage of barge transportation over rail transportation. For
distances between 100 and 300 mi, the advantage is between $11 and 38/kilo ton-mi; while the advantage
drops to $7 to 11/kilo ton-mi for distances greater than 300 mi. For distances less than 100 mi, rail hauls
are very expensive, leading to the predominance of truck haulage in this range when river transportation
is not possible.

Defining Terms:

Coalification: The physicochemical transformation which coal undergoes after being buried and sub-
jected to elevated temperature and pressure. The classification of a particular coal by rank is a
measure of the extent of its coalification. Thus, coalification is a measure of the “age” of a particular
coal.
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Fixed carbon content: Fixed carbon content is one of the constituents which make up the proximate
analysis of a coal. It is normally measured by difference. That is, one measures the volatile matter
content and the moisture and ash contents, if the fixed carbon content is reported on a basis
containing one or both of those constituents, and subtracts the result(s) from 100% to find the
fixed carbon content. One should not confuse the fixed carbon content of a coal with its (elemental)
carbon content found in the ultimate analysis. Although there is certainly carbon in the material
making up the fixed carbon content, it is not all of the carbon present in the original coal, and
other elements are also present.

Gross calorific value: Calorific value is a measure of the energy content of a material, in this case, a
coal sample. Calorific value is measured by ASTM Standard Test Method D 2015M, Gross
Calorific Value of Solid Fuel by the Adiabatic Bomb Calorimeter, or by ASTM Standard Test
Method D 3286, Gross Calorific Value of Solid Fuel by the Isothermal-Jacket Bomb Calorimeter.
The grosscalorific value takes into account the additional heat gained by condensing any water
present in the products of combustion, in contrast toétealorific value, which assumes that
all water remains in the vapor state.

Maceral: Macerals are organic substances or optically homogeneous aggregates of organic substances
in a coal sample that possess distinctive physical and chemical properties.

Proximate Analysis: Proximate analysis is a method to measure the content of four separately identifiable
constituents in a coal: volatile matter content, fixed carbon content, moisture content, and ash
content, all of which are reported on a weight percent basis. The standard method for obtaining
the proximate analysis of coal or coke is defined by the ASTM in Standard Test Method D 3172.

Rank: Coal rank is a classification scheme for coals which describes the extent of coalification which
a particular coal has undergone. The structure, chemical composition, and many other properties
of coals vary systematically with rank. The standard method for determining the rank of a coal
sample is defined by the ASTM in Standard Test Method D 388.

Type: Coal type is a classification scheme for coals which references the original plant material from
which the coal was derived.

Ultimate Analysis: Ultimate analysis is a method to measure the elemental composition of a coal sample.
Typical ultimate analyses include carbon, hydrogen, oxygen, sulfur, and nitrogen contents, but
other elements can also be reported. These other elements are usually not present to any appreciable
extent. However, if they are reported, the sum of all the elements reported (including moisture
and ash content) should equal 100%. The standard method for the ultimate analysis of coal or
coke is defined by the ASTM in Standard Test Method D 3176.

Volatile matter content: Volatile matter content measures the mass of material released upon heating
the coal sample under specific conditions, defined by the ASTM Standard Test Method D 3175.
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Further Information

An excellent resource for understanding coal, its sources, its uses, and its limitations and potential
problems is the book by Elliott referencecoad unde Averitt (1981), Habermehl et al. (1981), and
Neavel (1981) A reader wishing an understanding of coal topics cfinldl no better resource.

Another compreheimg book which includes more-recent informathan is not quite as weighty as
Elliott’s (664 pages vs. 2374 pagesJ e Chemistry andechnology of Coaledited (second edition,
revised andexpanded) by James G. Speight.

For up-to-date information spéi@ to the evironmental problems associated with the use of coal,
the reader is referred to Norbert Bewitz's chapter entitled “BvironmentdAspects of Coal Utilization”
in An Introduction to Coallechnolog.

For information on the standards for coal analyses and descriptions of the associated procedures, the
reader is referred taw recent edition of thAmerican Society foTesting and Materials Annual Book
of ASM Standads. Section 5 overs petroleum products, lubricants, and fossil fuels, including coal
and cde.

0il
Philip C. Crouse, P.E.

Overview

Fossil fuel ensgy accounted for 86.3% of allorld enegy in 1990 The Enegy Informatian Adminis-
tration (EIA) of the U.S. Department of Bgg estimates that in the year 2010, fossil fuels will account
for 85.9% of allworld enegy consumption — only a 0.4% percentage decrease in (Sagee 7.3.2).
According to EIA estimates, coalépected to decline slightly from about a 27% to about a 25% share
of consumption, and consumption of natugas isexpected to increase from 21 to 24%er the 20-
year period. @er the same period, oil is forecasted to continue tadréd major enegy source with
only slight declines from the present 39% of consumption.

Recent Horts in the United Statesabe been to foster gwth in naturalgas usage as an egg source,
causing an estimatedayth of 2.3% per yaaTotal enegy usage isxpected to gmw from 345.6 to
476.0 quadrillion Btu — or a 38% awth in enegy usageover 20 years.

Crude Oil Classification and World Reserves

Obtaining accurate estimateswedrid petroleum and naturghs resources and reges is dificult and
uncertain Terminology used by industry to classify resources andwesdras no broadly accepted
standard classification. Such classificatioagehbeen a source of cootersy in the international oil
and gas commurnit Confusion persists iregard to classificatiaThis section uses informationgeided
by the Department of Ergy classification systenThe rext chart slows the relationship of resources
to reseves. Rewverable resouces include dismvered and undis@vered resourcesDiscovered
resouces are those resources that can be economicaltweeed (Figure 7.3.3)

Discovered resources include all production already out of the ground andesesBeseres are
further brcken dwn into poved reseres and other resexs Again, there are nmy different groups
that classify resees in diferentways, such ameasued, indicated internal, probable andpossible
Most groups break resess into producing and nonproducingegatries. Each of the definitions is quite
voluminous and the techniques for qualifying reeswary globaly.
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FIGURE 7.3.2 Share of world energy consumption by primary energy source, 1990-2010. (Fromt&irational
Energy Outlook 1994 1A, Washington, D.C., July 1994.)
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FIGURE 7.3.3 Relationship of petroleum resource and reserve terms. (Courtesy of Energy Information Adminis-
tration, Offiice of Oil and Gas.)
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TABLE 7.3.7 Oil Reserves Year End) — million barrels

1970 1980 1990
North America 53,160 80,053 84,134
South America 25,557 26,922 69,686
Western Europe 5,698 18,698 21,289
Eastern Europe 59,880 84,140 65,412
Middle East 342,134 357,578 601,987
Africa 46,356 52,650 59,159
Asia-Pacific 21,973 38,517 56,151
Total 554,777 658,557 957,818
OPEC 404,441 428,139 715,502
Non-OPEC 150,336 230,418 242,316

Souce: EIA, International Oil and Gas Exploration and Development
1991, Washington, D.C., December 1993, 36-39.

TABLE 7.3.8 Annual Oil Production — million barrels

1970 1980 1990
North America 4,157 4,379 4,136
South America 1,738 1,331 1,574
Western Europe 116 869 1,478
Eastern Europe 2,706 4,550 4,204
Middle East 5,063 6,760 6,120
Africa 2,246 2,265 2,367
Asia-Pacific 651 1774 2371
Total 16,678 21,928 22,049
OPEC 8,545 9,839 8,645
Non-OPEC 8,133 12,089 13,604

Souce: EIA, International Oil and Gas Exploration anevBlopment
1991, Washington, D.C., December 1993, 30-33.

Proved resevesare generally defined as: “Thogelumes of oil andjas that geological and engi-
neering data demonstrate with reasonable certainty to logerable in future years from &wn
resevoirs underexisting economic and operating conditidns

OPEC (the @anization of Petroleum-Exporting Countries) has begrin setting global fossil fuel
pricesover the lastwo decadeswith very lage reseres, OPEC can pvide much of thevorld future
needs for crude oil and petroleum produétsout two-thirds of theworld known petroleum resees
are located in the Middle East asosh in Table 7.3.7

Table 7.3.8shows that the annuakorld crude oil production has steadilyogmn from 16.7 billion
barrels in 1970 to 22 billion barrels in 1990.

Both crude oil demand and production are forecast to incogasthe rext 20 years. OPEC production
is relatvely level at 8.6 billion barrels in 1990 compared with 8.5 billion barrels in 1970. During the
same time, non-OPEC production increased from 8.1 to 13.6 billion b&setise “swing producer”,
OPECs production in 1980 increased byer 1 billion barrels when non-OPEC production could not
meet total demandhey then decreased production by a similar amount in 1990 when production in
the rest of thevorld increased by 1 billion to a non-OPEC total of 13.6 billion bavdith a low price
environment, OPEC igxpected to gain mket share in global productiaver the mxt 20 years.

Standard Fuels

Petroleum is refined into petroleum products that are used to meetiuadl product demanddhe
general classifications of products are
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Section 7

1. NATURAL GAS LIQUIDS AND LIQUEFIED REFINERY GASES
This caggory includes ethane {H), ethylene (GH,), propane (GHy), prapylene (GHg), butane
and iswutane (GH,,), andbutylene and isoutylene (GHy).

2. FINISHED PETROLEUM PRODUCTS
This cakgory includes motogasoline,aviation gasoline, jet fuelkerosene, distillate, fuel oil,
residual fuel oil, petrochemical feed stock, naphthas, lubricaaigs, petroleum de, asphalt
and road oil, and stiljas.

Motor gasolineincludes reformulatedasoline forvehicles and oxygenateghsoline such as
gasohol (a mixture ofasoline and alcohol).

Jet fuelis classified by use such as industrial or military and naphthieeaosene-type. Naphtha
fuels are used in turbo jet and turbo prop aircraft enginesahades ram-jet and petroleum
rocket fuel.

Kerosere is used for space heaters, coabvss, wick lamps, andiater heaters.

Distillate fuel oilis brdken into subca&gories: No. 1 distillate, No. 2 distillate, and No. 4 fuel
oil which is used for commercidlurners.

Petrochemical feedstodk used in the maracture of chemicals, synthetic rulpbend plastics.
Naphtha are petroleums with an approximate boiling range of 122 @F0

Lubricants are substances used to reduce friction between bearifagesirused as process
materials, and as carriers of other materiley are produced from distillates or residues.
Lubricants are paffinic or naphthenic and separated by viscosity measurement.

Waxes are solid or semisolid material dexd from petroleum distillates or residugébey are
typically a slightly greag light colored or translucent, crystallizing mass.

Asphalt androad oil Asphalt is a cemenke material containing bitumens. Road oil iy a
heavy petroleum oil used as a dust pallatine and roahcaitreatment.

Still Gasis any refinery by-producgas. It consists of lighgases of methane, ethandyétne,
butane, propane, and the other associgsses. Still gas typically used as a refinery fuel.

World Refining Capacit Refining capacity gw from 48 million barrels per day in 1970 to about 75
million barrels per day in 1990 — a 55%ogth in capaciy. Table 7.3.9hows world refining capacity
beginning in 1970The peak yeawras 1982 in which capacityas 81.4 million barrels per geUtilization

of refinery capacityvas about 80% in 1990, pointing to underutilization.

TABLE 7.3.9 World Refining Capacity

1970 1980 1990

North America 13.2 20.2 17.4
Latin America 4.8 8.6 7.2
Western Europe 14.7 20.3 14.1
Middle East 2.2 3.6 4.2
Africa 0.7 1.7 2.6
Asia-Pacific 5.1 104 10.3
Central Planned Economies _7.5 154 17.6

Total world 48.2 80.0 73.4
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Natural Gas
Philip C. Crouse, P.E.

Natural gas has been called theienmentally friendly fossil fuel since it releasesvér harmful
contaminantsWorld production of dry naturajaswas 73.7 trillion ff and accounted fawer 20% of
world enegy production. In 1990 Russia accounted for about one thineiddl naturalgas The second
largest producewas the United Statesaling about one quarter @forld 1990 naturagjas production.

Natural Gas Production Measurement

Natural gas production is generally measured as “dry” nagasaproduction. It is determined as the
volume of naturabas withdewn from a resesoir less (1) thevolume returned focycling and repres-
suring reserirs; (2) the shrinkage resulting from the mal of lease condensate and plant liquids; (3)
the nonhydrocarbon gas@he parameters for measurement d&¥-6and 14.73 |b standard per square
inch absolute.

World Production and Reserves of Dry Natural Gas

From 1983 to 1992, dry naturgds production rose from 54.4 to 75 trillio? the breakdwn by region
of world is sfown in Table 7.3.10

TABLE 7.3.10 World Dry Natural Gas Production — trillion ft 2

1983 1992
North, Central, and 21.20 25.30
South America
Western Europe 6.20 7.85
Eastern Europe and former U.S.S.R. 21.09 28.60
Middle East ad Africa 2.95 6.87
Far East and Oceania _2.96 _6.38
World total 54.40 75.00

Souce: EIA, Annual Enegy Review 199FIA, Washington, D.C., July
1994, 305.

World naturalgas reseres estimated by ¢Oil and Gas Journabhs of December 31, 1991 are in
Table 7.3.110PEC accounted for 40% wiforld reseves yet processes only about 12% of woeld
production The former U.S.S.R. accounts for about 40% and Iran another 19%rldfreseves.

TABLE 7.3.11 World Natural Gas Reserves — billion f¢

North America 343,677
South America 166, 850
Western Europe 177,844
Eastern Europe 1,766,358
Middle East 1,319,823
Africa 310,241
Asia-Pacific 299,288

Total 4,384,081
OPEC 1,729,205
Non-OPEC 2,654,876

Compressed Natural Gas

Environmental issuesdue countriesxamining and supportingdislation to subsidize theedelopment
of cleanervehicles that use compressed natgesl (CNG). Een with a pushdward the use of CNG-
burning vehicles, the numbers are quite small when comparedgaghlinevehicles. Italy has used
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CNG since 1935 and has thedest usage with 300,08@hicles The United States r&ad fifth with
an estimated 30,00ehicles in 1994Argentina, which raked sixth, had 15,00@ehicles.

Liquefied Natural Gas (LNG)

Natural gas can be liquefied lmering temperature until a liquid state is aekd. It can be transported
by refrigerated shipsThe process of using ships andviding special-handlingacilities adds signifi-
cantly to the final LNG cost. If oil prices stay, prospects for LNG @elopment will remaindw in
the future. Hwever, LNG projects planned by OPEC member countries may becomécghover
the rext 20 years with shipments of LN&ports ultimately accounting for up to 25% of gdisexports.

Physical Properties of Hydrocarbons

The most importanthysical properties from a crude oil cldgsation standpoint are density or spieci
gravity and the viscosity of liquid petroleum. Crude oil is generally lighter thater. A Baume-type
scale is predominantly used by the petroleum industry and is ca#edPth(American Petroleum
Institute gravity scale (se Table 7.3.12)It is related directly to spdid gravity by the formula:

¢ =(141.5)/(1315+ ‘API)

where¢ = specific gavity. Temperature and pressure are standardize@°&t@hd 1 atm pressure.

TABLE 7.3.12 Relation of API Gr avity, Specific
Gravity, and Weight per Gallon of Gasoline

Degee APl  Specifc Gravity =~ Weight of gallon in Ibs.

8 1.014 8.448

9 1.007 8.388
10 1.000 8.328
15 0.966 8.044
20 0.934 7.778
25 0.904 7.529
30 0.876 7.296
35 0.850 7.076
40 0.825 6.870
45 0.802 6.675
50 0.780 6.490
55 0.759 6.316
58 0.747 6.216

Note The specific qavity of crude oils ranges from about 0.75
to 1.01.

Otherkey physical propertieswolve the molecular weight of theydrocarbon compound and the
boiling point and liquid densit Table 7.3.13hows a summation of these properties.

Defining Terms

API Gravity: A scale used by the petroleum industry for spegrvity.

Discovered resouces: Discovered resources include all production already out of the ground and
reseves.

Provedresouces:Resources that geological and engineering data demonstrate with reasonable certainly
to be reoverable in future years from &wwn resevoirs underexisting economic and operating
conditions.

Reoverable resouces: Remverable resources include disered resources.
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TABLE 7.3.13 Other Key Physical Properties of Hydrocarbons

Boiling Point at 14.7  Liquid Density at 14.7

Compound Molecular Weight psia in °F psia and 60F-Ib/gal
Methane 16.04 -258.7 2.90
Ethane 30.07 -125.7 4.04
Propane 44.09 -43.7 4.233
Isobutane 58.12 10.9 4.695
n-Butane 58.12 31.1 4.872
Isopentane 72.15 82.1 5.209
n-Pentane 72.15 96.9 5.262
n-Hexane 86.17 155.7 5.536
n-Heptane 100.2 209.2 5.738
n-Octane 114.2 258.2 5.892
n-Nonane 128.3 303.4 6.017
n-Decane 142.3 345.4 6.121

Further Information

The Energy Information Agency of the U.S. Department of Energy, Washington, D.C., pulblighes
national Energy Outlookeriodically.
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7.4 Biomass Energy

Michael C. Reed, Lynn L. Wright, Ralph P. Overend, and Carlton Wiles

Biomass engly encompasses a wideriety of remwable enegy technologies that use plant matte
plant residues, or plant-deed processvastes as fuelThese biomass resources can be used directly as
solid fuels to produce heat, olghcan be coverted to other emgy carriers such as liquid agdseous
fuels and electricjt Because the ergy in biomass is less concentrated than theggria fossil fuels,
high-dficiency conversion technologies are necessary tierthis enegy resource cost compet.

Photosynthesis

Biomass fuels are deed from green plants which capture solarrgpend store it as chemical egg
through thephotosynthetic reduction of atmospheric carbon dioxide. Plaatds are biological solar
collectors while the stems, branches, and roots are tieaént of batteries storing engg-rich compéx

carbon compounds. Elemental analysiswsh bothwood and grasses to be about 50% carfite
average photosynthetidfeciency of canverting solar engy into aganic carbon compounds on an annual
basisvaries from less than 0.5% in temperate and tropical grasslands to about 1.5% in moist tropical
forests (Cralle aihVietor, 1989) While quite bw, it represents stored egg on an annual basis and

the dversity and adaptability of plants @Ms this solar collection to occur on most parts of Earth
suiface The worldwide annual storage of photosyntheticrggen terrestrial biomass is huge, repre-
senting approximately ten timegrld annual use of engy (Hall et al., 1993).

Biomass Production, Yield, and Potential

Forest Land

The amount of haestablewoody biomass produced by natural forests on an annual basis ranges from
about 2 to 6 dry t/halyear (metric ton/hectare/year), or 0.9 to 2.7 dry ton/acre/year with the higher yields
usually in tropical egions. Managed forests often accumulate biomass at approximately double the rate
of natural unmanaged stand$ie produdtity rates of natural forests could be increased to 4 to 12 dry
t/hal/year (1.8 to 5.4 dry t/acre/year) if brought undeivaananagement. Such management might
include optimizing haresting stradgies for production, fertilization, and replanting natural stands with
faste-growing speciesAt present 10% ofvorld forests, or 355 million ha (876 million acres), are
acively managed. If managed forests were increased to 20%, and if 20% ofvbstdthmaterial were

used for engly, the annualvorldwide resource ofvood for enegy from currently forested landould
amount to somwhere between 284 and 852 million t (315 to 946 million dry tonsyaifable wood

or about 5.6 to 17 Exajoules (5 to 14.5 quadrillion Btu) of primaryggnbased on potential yield
ranges of managed foresfhe most optimistic estimates of biomass potentialild piovide a total
primary enegy resource of about 30 Exajoules from managed forests (Sampson et al., 1993).

Cropland and Grassland

The production of perennial plants (eitveoody crops gmwn for 3 to 10 years between kests or
perennial grasses), using genetically superior materials, established on agricultural land and managed
as an agricultural crop is beled to be the method of choice for producing biomass faggren a
large scaleTemperate shelterbelts and tropical agroforestry plantings could alsdetngieatly to
biomass engy resources. Emgy crop yields are highest in locations where genetically superior material
is planted on land with plenty of access to sunshinenatd. Operational yields in the range of 20 to
30 dry t/halyear (9 to 13 dry ton/acre/year) are exahie row. Such yields &e been obseed over

large areas with eucalyptus and tropical grasses in the moist tropics and subtropics, dybtrigith
poplars in irrgated portions of the driyacific Northwest of the United States. Innpareas, bwever,
suitable genetically superior materials are notayatlable,water is a limitingfacta, and irrigation may

not be an economically oméronmentally desirable alterna¢. Temperatevood enegy yields are more
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commonly in the range of 9 to 13 dry t/halyear (4 to 6 dry ton/acre/year) today with the expectation
that they could increase to the 12 to 20 dry t/hal/year (5.5 to 9 dry ton/acre/year) relatively rapidly with
continued genetic improvement and clonal selection (Wright, 1994). Yields of properly managed peren-
nial grasses in field test plots are currently in the range of 11 to 22 dry t/ha/year (5 to 10 dry ton/acre/year)
with the expectation that yields of 16 to 27 dry t/ha/year (7 to 12 dry ton/ac/year) could be attained with
further breeding and improvement of management regimes. The best current perennial grass yields on
nonirrigated test plots have averaged around 25 dry t/ha/year (11 dry ton/acrel/year) for 6 years in the
southeastern U.S. where a long growing season favors warm season grasses.

The total amount of biomass potentially available from cropland conversion can only be speculated
on since it requires making a number of assumptions involving such issues as land availability, food
crop requirements, development of biomass energy markets, and crop yields. Such speculations have
been made to attempt to evaluate the potential effect of biomass energy use on carbon emission reduction.
These speculations have assumed that 10 to 15% of cropland worldwide could be available for the
production of biomass resources as energy crops, shelterbelts, or for agroforestry use with energy as
one product (Hall et al., 1993; Sampson et al., 1993). The primary energy resource potential of cropland
conversion has been estimated to range from a low of 18 Exajoules to a high of 49 Exajoules (Sampson
et al., 1993). Another 25 to 110 Exajoules has been estimated to be available from the conversion of
grasslands and degraded areas to the production of biomass energy resources worldwide (Sampson et
al., 1993).

Biomass Residues

Biomass residues are the organic by-products of food, fiber, and forest production and processing. Major
sources of residues include the residues of grain crops such as corn, wheat, rice; animal dung; and forest
roundwood harvest and processing. A signifiant portion of residues is not economically collectible for
energy because of wide dispersal and low bulk density, which makes recovery, transport, and storage
too costly. In many cases, residues have greater economic value being left on the land to restore nutrients,
reduce erosion, and stabilize soil structure, or they may be recovered for other domestic, industrial, or
agricultural uses. Recoverable crop residues in the United States are estimated to range between 70 and
190 million dry tons (Day, 1989) and recoverable forest residues are about double the level of crop
residues (Hall et al., 1993). Recoverable crop and forest residues worldwide are estimated to have an
energy value of 12.5 and 13.5 Exajoules respectively (Hall et al., 1993).

Terrestrial Limitations

The biomass productivity of forests, grasslands, and energy crop plantings is considerably less than
theoretically possible based on calculations of maximum photosynthetic potential. Under artificially
optimal conditions of temperature, water, and nutrients, average solar radiation near Des Moines, lowa,
would theoretically be aufficient to produce maximum total tree dry weight yields (above and below
ground) as high as 102 t/hal/year (45 ton/acre/year) (Sampson et al., 1993). Actual seasonal temperature
variations alone, however, reduce the maximum yield potential to 60 t/ha/year (27 ton/acre/year). Of
that, the usable biomass portion of trees (the stems and branches only) amounts to only about 35 t/halyear
(15 ton/acrel/year). Yet this is many times the harvestable biomass dry weight yield of trees from natural
forest stands and more than double the best tree yields observed in experimental trials in that region.
Water stress is a major reason for reduced yields. Perennial grasses may have a slightly higher harvestable
yield potential in the region because of their higher water use efficiency and the more-efficient carbon
metabolism of warm season grasses in temperate climates (Jones, 1985). While water stress, pests
outbreaks, and inadequate nutrients all contribute to reduced yields, it is also clear that the genetic
potential of perennials is yet to be fully explored. Genetic improvement of perennials for energy is only
beginning in most regions of the United States; thus, the potential for finding substantially higher-yielding
varieties and clones is excellent.
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Environmental Impact

An emeqging consensus ofneironmentalists, forestryrganizations, researchers, and others is that if
enagy crops are treated as an agricultural crop and established and tended in a considered and informed
way on appropriate landméronmental damage can beoided. Infact, preliminary data suggests that

there can be significanidronmental and ecological bits achéved in association with theagelop-

ment of a fully sustainable engy resource. Global benefits include the reduced emission of carbon into

the atmosphere, while local béite include soil conseation, reduction of chemical use, and wildlife
biodiversity in an agricultural setting.

Biomass Conversion Technologies

As noted peviously, biomass can be used to produce heat, elegtigeit prepared fuels such as charcoal
and liquid fuelsTo do this, the biomass egersion technologiesade to treat a wide range of biomass
resources féiciently and covert them into the desired producker example, biomass resources may
include fudwood, agricultural residue$arm animalwastes, forest industry processing residues (e.g.,
sawdust, black liquor from pulping processes), agricultural processing by-products (gagseb&om
sugarcane processing, food-processing by-products sucivepitd), and crops (e.g., grains, oil seeds,
enggy crops).

Each of these resources haffedent handling requirements andfeient process characteristics.
Worldwide, the most common biomass resources ate/doel and agricultural residues such as cereal
straws. However, many other biomass resourcefes opporturuties notjust for hedtjt also in impoving
the ewvironment (as when animalastes are cwerted into methane and fertilizer through anaerobic
fermentation processes). Eachmegrsion process mustkia into account the fferences in biomass
composition which camary widely in terms of moisture and ash content.

Biomass Composition

As recéved, biomass can range fromary cleanwood chips at 50% moisture to urbaood residues

that are dnput contaminated with ferrous and other materials, animal residues, sludges, agdrie o
component of murucipal solidaste (MSW). Most biomass @ignocellulosic material, such asood

or stiaw, which is composedfaellulose hemicellulose andlignin. Although dfferent plant species

have differing proportions of these polymers, it turns out that on a moisture and ash-free basis, the
majority heve essentially the same cafarivalues in the range of 16 to 19.6 GJ/t (8000 to 8500 Btu/lb).
Biomass ash conteméries considerap)| being bwest in the cleawood fraction andery high in cereal

straws such as rice stv, as can be seen Table 7.4.1

TABLE 7.4.1 Some Fuel Poperties of Four Different Biomas Types

Property Pine Shavings Switchgrass Rice Hull Rice Straw
Ash % 1.43 10.10 18.34 15.90
Carbon 48.54 47.79 40.96 41.78
Hydrogen 5.85 5.76 4.30 4.63
Nitrogen: 0.47 1.17 0.40 0.70
Sulfur 0.01 0.10 0.02 0.08
Oxygen 43.69 35.07 35.86 36.57
Btu/lb 8337 7741 6944 7004
Gt 19.38 17.99 16.14 16.28

Direct Combustion, Combined Heat, and Power and Steam Electric Generation

By far the most frequent use of biomass is in directltmtion applications, with cobastion dvices
ranging from 5 kW cook etes (Prasad, 1985) to 125 MW boiléxgning wood chips and producing
150 thm/hr of steam at 114 and 540C superheat temperatures (Agmous, 1994)The available
types of corbustors range from pilburners or Dutcleven-typeburners, which can accept biomass in
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a lage size range, to units that are suspentied and require not onkxtensve fuel preparatiomut
also fuel drying The most popular types of boilers seem to b&estlired units with noving grates.
More recent}, the trend has been bubbling and circulating fluidized-bed units, whicfieo a high
degree of fuel #xibility by accepting fuel mies ranging from coal to paper mill sludges traelvery
high moisture and ash contents. Boilficéency for typically moist biomass feedstocks ranges from 65
to 75%.

Biomass-fired steam turbinevper generation technology\ery similar to that of caventional fossil-
fueledcycles. Biomass is coonsted in a boile and the heat which is liberated is used to produce steam
with conditions ranging from 28 bar and8@ (400 psig and 756) for typical 25 MW units to 86
bar and 51%C (1250 psig and 93B) for larger systemsThe superheated steam generated in the boiler
is used to dve a steam turbine genemathet plant &iciency ranges from 20 to 30% (17,060 to 11,373
Btu/kWhr). Lager-scale boilersvould permit sveral stages of reheat and the use of supercritical steam
cycles. Developers of tb Whole Tree Enegy™ System lve proposed the cdmstion of whole trees
that are dried in a flue gas-assisted dome in orderotadpr supercritical steam to a turbine. System
efficiencies are projected to be in the range of 40% (heat rate 8530 Btu/kWhwalddoe comparable
to gas turbine-based combinegtle units The ability to utilize whole trees, as opposed #wirg to
processwvood feedstocks to “chip” size iskay advantage of th Whole Tree Enegy System, as it can
significantly reduce feedstock-handling costs.

Gasification

Biomass gasification processes canvedt biomass materials ingaseous fuels (carbon- ahgdrogen-

rich fuel gases) that can be more easily utilized, often witlaim in dficiency and evironmental
performance. Gasification is wd-step, endothermic process in which a solid fuel (biomass or coal) is
thermochemically awerted into adw- or medium-Btugas (seeFigure 7.4.1) In thefirst reaction,
pyrolysis, thevolatile components of the fuel avaporized at temperatures el 600°C (1100F) by

a set of compk reactions. Included in theolatile vapors are hydrocarbon gases, hydrogen, carbon
monoxide, carbon dioxide taand water vapa. Because biomass fuels tend tavén morevolatile
components (70 to 86% on a dry basis) than coal (3p¥dlysis plays a ler role in biomass
gasification than in coajasification. Char (fed carbon) and ash are the by-producigyaflysis which

are notvaporized The second reaction, charrwersion, nvolves the gasification and/or cbuostion of

the carbon that remains aftgyrolysis. In this reaction a portion of the chabisned to povide the
heat required fopyrolysis and fomasification of ay remaining cha

Thermal gasification is typically 80 to 85%ieient in cawerting the oganic content of the feed into
a fuel gas mixture mainly composed lyfdrogen, carbon monoxide, and methane along with inert
constituentsAs a comparison, naturghs enegy content, measured on a @@gs basis, is typically 37.8
MJ - m?3, or 1000 Btu/ft. Biomass gases produced through themgaalfication with air as the oxidant
typically have gas ermgy content of less than 5.6 MJ =%rar 150 Btu/f}, while gasification with oxygen
and steam or indiregasification (which elimmintes the nitrogen dilution of the product) results in a
heatingvalue of 13 to 17 MJ - thor about 350 to 450 Btu#ftTypically, an ai-blown gasifierwould
have over 50% nitrogen, a 25 to 30% kglume mix ofhydrogen and carbon monoxide, and a small
amount of methane, and the balamerild be carbon dioxide.

Gasifier systems usually comprise the biomass fuel-handling and -feeding system which is coupled
by means of air locks to thgasifia. In the thermal processes, thesifier is usually a refractory-lined
vessel and thgasification is carried out at high temperatures of approximat€yC8%t either atmo-
spheric or evated pressures. In a fluidized-bed gasifiecontinuous feed of biomass and inert heat-
distributing material (e.g., sand) ifldidized” by an oxidant and/or steam, and heat is supplied to the
gasifier either “directly” or “indirectly” (U.S. Department of Egg 1992).

In a directly heated fluidized-bed gasgifieeat required fogasification comes from char coostion
in the gasifier reactoThe Institute of GaTechnology RENUGAS™ Pressurized Gigsiis anexample
of a direct-gasification technolpgin the RENUGAS process, biomass is fed into a sirflylelized-
bed gasifievessel that operates at 300 to 500 psig. Inert solids inegsel form the stable fluidized

© 1999 by CRC Press LLC



7-28 Section 7

Vapors
Wood—»| Pyrolysis l i p Gas Turbine
Y Power Cycles
Char and ash
Char Char Vapors
Conversion

Char
& Ash Heat

Ash & Exhaust Gases
Combustion >

Heat I
GASIFICATION

Vapors
Wood—»( PyrolysisJ—>|Condenser I » Biocrude Oils

Non-Condensible Vapors

Char & Ash 4
Heat | Combustion [——»Exhaust Gases

3

PYROLYSIS

FIGURE 7.4.1 A diagram illustrating biomass gasification and pyrolysis processes. (From U.S. Department of
Enagy, Electricity fom BiomassA Development StratyggDOE/CH10093-152, DE9201059@Washington, D.C.,
1992.)

bed into which the biomass is fell of the biomass ash is carriesderhead with the produgiases.

By using a deep, single-stage bed of inert solids, the RENUGAS process is ablev® laighi carbon
conversion with bw oils and tars productiofhe gasifier is capable of producing either an industrial
fuel gas or a chemical synthegas, depending onraior oxygen-bbwn operation.

In an indirectly heated fluidized-bed gasifighar is reraved from the gasifier artairned in a separate
vesselThe resulting heat is transferred to fasifier by either in-bed heatchangers or by recirculating
the inert bed material heated in the char lngsto. The adiantage of indirect heating of tigasifier is
that the gasification product is not diluted with the charlmstion by-products (U.S. Department of
Enegy, 1992) The Battelle Gasification System is example of an indirecgasification technology
(seeFigure 7.4.2)The Battelle system is avb-zone circulating-bedasifier that produces a medium-
enggy content gas with a heatinglue of 500 Btu/ft (18.63 MJ/m). The product gas can be used in
existing naturalgas-fired equipment including boilers, kilns, gas turbinesThe Battelle process
produces this medium-Bigas without the need for an oxygen plant, and usesphysically separate
reactors (agasification reactor in which biomass isneerted into the produajas and residual cha
which is therburned in a separate ctostion reactor to pwide the heat required fgasification). Heat
transfer between the reactors is accomplished by circulating sand betwegsifiee reactor and the
combustor reacto The separation of thgasifier from the cofustor povides a means to maintain a
constant heatingalue of the produagas egardless of changes in the feed moisture or ash content.

Biomass fuels can pvide significant avironmental adantage®ver competing fossil fuels, especially
with regard to coal product§hese adantages include little or no sulfur content and zero net carbon
dioxide productionAdditionally, chemicals produced during biomass bastion are absorbed in the
photosynthesis process awbiomass gmwvth. However, the fuel coversion procesgésification/com-
bustion) generates emissions such as particulatesnid alkali that can cause erosion, corrosion, and
deposition problems within the components ofaated caversion systems, especially chbustion
turbinesAs such, some form gfs cleanup must be eropéd to ensure dependable system performance.
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FIGURE 7.4.2 A diagram illustrating the Battelle Biomass Indirect Gasification System.

Biological Gasification or Anaerobic Digestion

The biologicalgasification process is carried out on feedstock which is eitherisisol slurried in
water and typically produces a medium+gyecontent gas composed of methane and carbon dioxide.
A variety of designs aravailable,but all of them put anaerobic and methane-forming bacteria in contact
with the biomass, the products are gas (a mixture of methane and carbon dioxide) and a slurry of
nonreacted feedstock which can usually beveded into a compost/fertilizeln the case of landfill
gas, the landfill “naturally” produces methane, which is currently being managed for greegdmuse
emissionsThe contaminants, which can be highly odoriferous and in¢lydiegen sulfide, are reswed

with available technology prior to cdmstion in either a medium-speed diesel or turbine engine.

Liquefaction to Produce a Biofuel Oil

Biomass feedstocks can also be utilized to create biofuel oils, alam las biocrudeThrough a process
known as rapidpyrolysis, biofuel oils can be produced and used as fugla®turbines, diesel engines,
or by co-firing the oil in arexisting pulerized coal- or oil-fired boile Rapidpyrolysis occurs when
heat is transferred to prepared biomass feedstocks (typical thickness <2 mm, moisture <8%) and the
solid particles are thermochemicallyrwerted to a mixture of noncondensilggseswatervapa, char
particles, angbyrolysis oil vapors The pyrolysis oil vapors typically bBve a yield of 60 to 80% and are
condensed to form a black, viscous, medium-Btu (9000 Btullb or 18.6 MJ/kg) mixtunganfio
compounds. Because the fuel oils can be stored and transportpgtoligsis process can be decoupled
from the pwer generatiomycle, increasing thedkibility with respect to the proximity of thgyrolysis
process to the end use

Biofuel oil can be produced lpyrolyzing driedwood chips in aortex reacta, followed by renoval
of solids and condensation of tvegors to reaver the highemolecula-weight hydrocarbons (séégure
7.4.3).Noncondensible and lighydrocarbons are ogcled as carriegas, otburned with char to generate
steam and/or electricity for internal use amgort Table 7.4.2contains a comparison of biocrude oil
characteristics and those of No. 6 fuel oil.
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FIGURE 7.4.3. A diagram illustrating the biomass fast pyrolysis process for biocrude oil production.

TABLE 7.4.2 Fuel Oil Characteristics

Type Biocrude Oill No. 6 Fuel Oll
Source Biomass pyrolysis Petroleum distillation
Sulfur, ppm 5 3,000-30,000
Ash % 0.1-1.0 0.2-1.5
HHV, MJ/kg (BTU/Ib) 21-24 (9,000-10,300) 43 (18,400)
HHV, MJ/I (Btu/gal) 25.2 (90,000) 42.1 (150,500)
Density, kg/mi @ 16C 1,200 (10.14) 950 (8.0)

(Ib/gal @ 60F)

Source: U.S. Department of EnergBiomass Power: A Development Strategy,
DOE/CH10093-152, DE92010590, Washington, D.C., 1992, 31.

Biomass Liquefaction
Ethanol

Ethanol (CHCH,OH) is a renewable liquid fuel that can be produced by fermenting a wide range of
biomass materials, including sugars, starches, and lignocellulosics. It is an excellent fuel for spark-
ignition internal combustion engines with a high octane number. The automobile industry has developed
specifications for E85, an 85% by volume blend with gasoline. Lower-level blends such as EIO are in
broad commercial use. Heavy-duty compression ignition engines are usually modified to provide ignition
assistance such as glow or spark plugs because of the low cetane and poor autoignition qualities. Although
the volumetric energy density of ethanol is two thirds that of gasoline, it has properties, such as the
increased octane number, that allow the use of more-efficient high-compression engines. The heat of
vaporization is twice that of gasoline, thus increasing the cooled fuel/air mixture that reaches each
cylinder. This same property, however, increases cold-starting difficulties.

Currently, corn is used to provide the starch substrate for ethanol production in the United States
which is about 1.4 billion gal. Lignocellulosic materials, such as short-rotation woody crops (SRWC)
and herbaceous energy crops (HEC), offer an alternative feedstock, one that is dependent on the
development of new technology that will allow the cellulose and hemicelluloses that make up
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approximately 70% of the lignocellulosic feedstocks to produce ethaadhnology @velopments

in the last decade in lignocellulosic-to-ethanohesion fave slown major potential for cost
reductions thatdve positioned ethanol from lignocellulosics as a near commercial oppgritimise
improvements Bve been in pretreatment, cellulase enzyme production, xylose fermentation, and
cellulose caversion.

A typical flow sheet for ethanol production from lignocellulosics suchRWS or HEC comprises
the following operations: feedstock handling; pretreatmerkpose the polymers such as hemicellulose
and cellulose; production of the biocatalysts sugtetlulaseand hemicellulase that liberate theans
glucose and xylose; fermentation toneert sugars into ethanol; ethanol eeery process such as
distillation; andwaste treatment with combined heat amdgr production from the lignin and other
uncawerted process residugs combination of evolutionary agdances and incremental inggements
in this process chain has reduced costs of ethanol from $3.60 in 1980 to an estimatgal $1 2996;
this latter is already bel the cost of production of ethanol from corn. Furtheretbpment promises
to bring the cost into the range of $0.7 to @a8/This projected cost is competi with equvalent
fuels produced from oil costing $25/barrel.

Pretreatments texpose the carlitydrate polymersdve been systematically optimized arateloped
to be bw cost and to &we low environmental impact. Dilute acitlydrolysis has been found to be
effective atexposing cellulose for furthewydrolysis This pretreatment step is folled by a separation
of the soluble hemicellulose gars from the lignin and cellulogée. The cellulose material is used
both to produce the cellulase enzymes forhyarolysis and as the major source ofauthat produces
ethanol in a combined saccharation and fermentation stephis combines the release of glucose with
its immediate fermentation to ethanol in a single process step that resultsge ealgital costasing,
decreased fermentation times, and increased enzyme pwiigudactors that &ve made a major
reduction inoverall cost Work continues on impwing the cellulase produwtty, the tolerance of the
fermentation yeasts to ethanol, and increases in the solids concentration in the ferfrtemteusrent
yield of xylose from the hemicellulose polymaylan, is also being impved from 80 to 90% (Zhang
et al., 1995).

Methanol from Biomass

Methanol (CHOH) can easily be produced bgsifying biomass and then catalytically combining the
carbon monoxide and thgdrogen. It is the one-carbon analog of ethanol and shamsahthe same
fuel properties such as\ery high octane numhbeFor spark-ignition engine use, M85, an 85% by
volume blend wittgasoline, is usually specifiedihe 15% gasoline pvides added fuelolatility, which
assists cold starting and adds luminosity toffduee for added safety since neat methanol (Mb0)s
with a nearly visible flame.

Methanol isvery toxic to humanshut is not a great threat to either soilveater ewironments, and
like ethanal, it is essentially nonthreatening to therenment. In ay case, methanol is an important
industrial chemical and represents one third of the mass of the MTBHy(nettiarybutylether)
oxygenate used in auto-fuel oxygenate programs. Curentls produced from naturajas using
technology that hasxisted forover 50 years.

Biodiesel

Biodiesel is a diesel fuel that in the United States isvel@rfrom oil seed crops such as fomer,
soybean, and rape seed (cano®)e oil is esterified in a simple process by reacting it with an alcohol
such as methanol or ethanol to produce an ester that has beentstbe an attrante diesel fuel with
anexcellent cetane number and with much-reduced particulate emisBreneil is isolated by pressing

and sobent extraction from the seed ke, and the meal that remains is a nutritious animal. fElee
esterification process produces a glycerine by-product. Both the meal and the glyaegine be
maiketed in parallel with the oil production and currently the basic price of the oil seed — a food or
feedstdf — is still too high,even though in subsidized nk&ts in Europe production is increasing.
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Municipal Solid Waste

Quantities, Characteristics, and Fuel Value

MSW contains energy, typically ranging from about 4000 to 6500 Btu/lb. MSW includes waste discarded
from residential, commercial, institutional, and industrial sources. In 1993, over 200 million tons were
generated with approximately 16% combusted for energy recovery. The quantities and heating values
available will vary depending on the materials collected and processed into fuel. For instance, tires may
be defined as MSW, but most will not be collected and processed into refuse-derived fuel (RDF). Yard
waste contains some fuel value but may be composted. Of the approximate 207 million tons of MSW
generated in the United States in 1993, paper and paperboard contributed about 77.8 million tons; plastics,
19.3 million tons; wood, 13.7 million tons. Paper has a typical heating value of 7200 Btu/lb; cardboard,
7000 Btu/lb; plastics, 14,000 Btu/lb; and wood, 8500 Btu/lb. Other components, such as leather, textiles,
yard trimmings, rubber, etc., also have significant heating values. Processed RDF will have higher heating
values depending on the degree of processing to remove noncombustibles and the components used to
prepare the fuel. The average passenger tire has a heating value of 13,000 to 15,000 BtuAb. However,
there are only two dedicated tires-to-energy facilities in the United States combusting tires for energy
recovery; a third was scheduled to begin operation some time in 1995. There are a number of cement
kilns, pulp and paper mills, electric-generating utility boilers, and industrial boilers that use tire-derived
fuel as a portion of their fuel.

Refuse-Derived Fuels

Fuels derived from MSW have been classified according to the degree of processing. They range from
waste used as a fuel in its discarded form with only bulky waste removed (RDF-1) to the combustible

fraction of the waste processed into gaseous fuel (RDF-7). Some RDF may be densified (d-RDF) into
pellets, cubes, or briquets for use in industrial and utility boilers as a supplement to coal.

MSW-to-Energy Conversion Technologies

Although there are several potential methods to recover energy from MSW (e.g., conversion to ethanol,
anaerobic digestion, gasification, pyrolysis, etc.), combustion is the most-advanced and the most-applied
conversion technology.

CombustionDirect combustion is the most prevalent technology used to reclaim the energy value in
MSW. In 1993, there were 125 municipal waste-to-energy facilities in the United States with a rated
MSW capacity of approximately 2500 MW of energy. The most common options are mass burn and
RDF facilities, with mass burn being the most prevalent.

In a typical mass burn facility, waste is received into a pit where an overhead crane mixes the waste
and removes oversize materials. The waste is fed onto a grate of the furnace, which agitates and moves
the waste across the combustion chamber. Air for combustion is introduced from under the grate (underfire
air) and from nozzles located above the grate (overfire air). The formation and emission of pollutants
(e.g., CO, N@ SQ, hydrocarbons, dioxins, etc.) are affected significantly by the design and operation
of the combustor. Energy is recovered from the hot flue gases in a waterwall boiler and is recovered as
hot water and steam.

The cooled flue gases then pass through air pollution control (APC) equipment which normally
includes combinations of scrubbers to remove acid gases (e.g., HCI) electrostatic precipitators (particulate
removal), and/or fabric filters (fine particulates).

Anaerobic DigestionAnaerobic digestion is the biological degradation of biodegradable materials, in

the absence of oxygen. Anaerobic microorganisms convert the biodegradable fraction of the waste to
carbon dioxide and methane, which can be collected and used as an energy source. Commercial-scale
anaerobic digestion of MSW has not been successful in the U.S. There are approximately 24 plants
operating outside of the U.S.
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Defining Terms

Cellulase:A group of enzymes, found in many fungi and bacterial organisms, that hydrolyze the cellulose
molecule into the component glucose molecules.

Cellulose: A complex carbohydrate found in stems, bark, and fibrous parts of plants and in products
such as paper made from plant material. The insoluble molecule is a long chain of six carbon,
glucose molecules linked together.

Hemicellulose:A complex carbohydrate molecule also found in plant material. This molecule is more
soluble than cellulose and made up of five carbon sugars such as xylose.

Hydrolysis: Chemical decomposition involving the formation of water. Enzymes are capable of catalyzing
the breakdown of cellulose resulting in the release of a water molecule and glucose molecules.

Lignin: A hard material embedded in the cellulose matrix of vascular plant cell walls. The molecule is
a branched chain of organic rings, and gives strength to the fibers. This material is insoluble and
must be removed in order to hydrolyze the cellulose.

Lignocellulosics: Substances composed of lignin and cellulose and/or hemicellulose, for example, wood.
Lignocellulosic materials are the initial form of biomass feedstock before pretreatment removes
or loosens the lignin and liberates the cellulose for further treatment

PhotosynthesisA process by which plants combine water and carbon dioxide in the presence of light
and chlorophyll to make carbohydrates for food.

Vortex reactor: A pyrolysis reaction chamber design whereby a carrier gas and a dry feed stream are
injected into a cylindrical reaction chamber, entering the reactor in a helical pattern and flowing
over the inside surface of the cylinder, where heat is transferred to the biomass.
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Further Information

Additional information on energy efficiency and renewable energy technologies can be obtained from
the Energy Efficiency and Renewable Energy Clearinghouse (EREC), which can provide publications,
tailored technical and business responses, and referrals to energy organizations. Contact EREC at P.O.
Box 3048, Merrifield, VA, 22116.
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7.5 Nuclear Resources

James S. Tulenko

The Nuclear Fuel Cycle

Sources of Nuclear Fuels and World Reserves

Nuclear power can use two naturally occurring elements, uranium and thorium, as the sources of its
fissioning energy. Uranium can be a fissionable source (fuel) as mined (Candu Reactors in Canada),
while thorium must be converted in a nuclear reactor into a fissionable fuel. Uranium and thorium are
relatively plentiful elements ranking about 60th out of 80 naturally occurring elements. All isotopes of
uranium and thorium are radioactive. Today, natural uranium contains, in atomic abundance, 99.2175%
Uranium-238 (13%); 0.72% Uranium-235 (&9%; and 0.0055% Uranium-234 8. Uranium has atomic
number 92, meaning all uranium atoms contain 92 protons, with the rest of the mass number being
composed of neutrons. Uranium-238 has a half-life ofx41%P years (4.5 billion years), U-235 has a
half-life of 7.1x 1 years (710 million years), and U-234 has a half-life o&21% years (250 thousand
years). Since the age of the earth is estimated at 3 billion years, roughly half of the U-238 present at
creation has decayed away, while the U-235 has changed by a factor of sixteen. Thus, when the earth
was created, the uranium-235 enrichment was on the order of 8%, enough to sustain a natural reactor
of (there is evidence of such an occurrence in Africa). The U-234 originally created has long disappeared,
and the U-234 currently present occurs as a product of the decay of U-238.

Uranium was isolated and identified in 1789 by a German scientist, Martin Heinrich Klaproth, who
was working with pitchblend ores. No one could identify this new material he isolated, so in honor of
the planet Uranus which had just been discovered, he called his new material Uranium. It wasn’t until
1896, when the French scientist Henri Becquerel accidentally placed some uranium salts near some
paper-wrapped photographic plates, that radioactivity was discovered.

Until 1938, when the German scientists Otto Hahn and Fritz Shassroen succeeded in uranium fission
by exposure to neutrons, uranium had no economic significance except in coloring ceramics, where it
proved valuable in creating various shades of orange, yellow, brown, and dark green. When a uranium
atom is fissioned it releases 200 million electron volts of energy; the burning of a carbon (core) atom
releases 4 electron volts. This diffenence of 50 million times in energy release shows the tremendous
difference in magnitude between chemical and nuclear energy.

Uranium is present in the earth’s crust to the extent of four parts per million. This concentration makes
uranium about as plentiful as beryllium, hafnium, and arsenic; and greater in abundance than tungsten,
molybdenum, and tantalum. Uranium is an order of magnitude more plentiful than silver and a hundred
times more plentiful than gold. It has been estimated that the amount of uranium in the earth’s crust to
a depth of 12 miles is of the order of 100 trillion tons.

Thorium, which is composed of only one isotope, Thorium-232, has a half-life of 14 billion years
(1.4 x 10 yr), is more than three times more abundant than uranium, and is in the range of lead and
gallium in abundance. Thorium was discovered by Berjelius in 1828 and named after Thor, the Scandi-
navian god of war. For reference, copper is approximately five times more abundant than thorium and
twenty times more abundant than uranium.

Uranium is chemically a reactive element; therefore, while it is relatively abundant, it is found
chemically combined as an oxide,@J or UQ,) and never as a pure metal. Uranium is obtained in three
ways, either by underground mining, open pit mining, or in situ leaching. An economic average ore
grade is normally viewed as .2% (4 pounds per short ton), though recently ore grades as low as .1%
have been exploited. A large quantity of uranium exists in sea-water which has an average concentration
of 3 x 102 ppm, yielding an estimated uranium quantity available in sea-water of 4000 million tons. A
pilot operation was successfully developed by Japan to recover uranium from sea-water, but the cost
was about $900/Ib, and the effort was shut down as uneconomical.
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The major countries with resas of urnaium in order of importancesd@ustralia, United States,
Russia, Canada, StwAfrica, and NigeriaThe countries with major thorium deposits are India, Brazil,
and the United States. It is estimated that for avery value of $130/kg ($60/Ib), the total uranium
reseves in these countries are approximately 1.5 million tonnes of uranium in the U.S., 1 million tonnes
of uranium n Australia, .7 million tonnes of uranium in Canada, and 1.3 million tonnes of uranium in
the former Bviet Union As mentioned earlie thorium reseres are approximately four times greate
With the utilization of breeder reactors, there is enough uranium and thoriuovidepelectrical pwer
for the rext thousand years at current rates of usage.

Processing of Nuclear Fuel

Once the uranium ore is mined it is sent to a concentrator (mill) where it is ground, treated, and
purified. Since the ore is of a grade of .1 to .2% uranium, a ton of ore contains only between 1 to 2
kilograms of uranium per 1000 kilograms of oféus, thousands to tonnes of oegénto beextracted
and sent to a mill to produce a rélaty small quantity of uranium. In the concentration process
approximately 95% of the ore is mered as YO, (yellowcake) to a purity grade of about 80%hus,
assuming 0.15% uranium ore, the milling and processing of a metric ton (1000 kg) of ore yields a
concentrate of 1.781 kg (1.425 kg of uranium and 0.356 kg of impurk@sthis reason the mills must
be located relately close to the mine sit&he ore tailingswaste) amounts to 998.219 kg and contains
guantities of radon and other urnaium decay products and must be disposed of as &eadaset

The U,O4 concentrate is thenkan to a caversion plant where the concentrate is furtherfimati
(the 20% impurities are remwed) and the uranium yelcake is cowverted to uranium dxafluoried
UF,). The uranium bxafluoride is a gas dairly low temperature and is an ideal material for the U-235
isotope enriching processes of eitlgaseous dfusion or gaseous centrifugéhe UF; is shipped in
steelcylinders in a solid state, and YIS vaporized by putting theylinder in a steam bath.

If the uranium is to be enriched to 496%)then 1 kilogram of 4% % product will require 7.4
kilograms of natural uranium feed and will produce 6.4 kilogramsaste uranium (tails or depleted
uranium) with a &5 isotope content of 0.2%This material is treated as a radideetwaste. Lage
quantities of tails (depleted uraniuexist as UF in their original shipping containers at the enriching
plants. Depleted uranium (a dense material) has been used as shields forivadioactes, armor
piercing shells, balancing of helicopter rotor tips, yacht hold ballast, and balancing of passenger aircraft.

The enriched UFis then sent to &abrication plant where it is ogerted to a uranium dioxide (Up
powder. The pwder is pressed and sintered imtdindrical pellets which are placed in zirogltubes
(an alby of zirconium), pressurized with helium, and sealéte rods are collected in an array 1+
17) bound together by spacer grids, with top and bottomfigimdys connected by tie rods or guide
tubes. Pressurizedater reactor fuel assemblies, each containing approximately 500 kilograms of
uranium, are placed in a reactor for 3 to 4 yearsingle fuel assembly produces 160,000,006kt
hours of electricity andiges 8,000 people their yearly electric needs for its three years of operation.
When the fuel assembly is remed from the reactor it must be placed in a storage pondde fdt
removal of the decay heaffter approximately fre years of wet storage, the fuel assembly can be
removed to dry storage in concrete or steel containers. In the United States the current plan is to
permanently store the nuclear fuel, with the Department ofggrnessuming responsiblility for the
“spent” fuel The morey for the government to handle the storage comes from a fee of 1 mill werakil
hour paid by consumers of nudiegenerated electrigitA mill is a thousandth of a dollar or a tenth of
a pemy. Thus, the fuel assembly describeaawould have collected $160,000 in theaste fund for
the Department of Engy to permanently store the fuel. In Europe, when the fuekentaut of wet
storage it is sent to a reprocessing plant where the metal components are collegtestefalisposal;
and the fuel is chemically regered as 96% uranium, which iswerted to uranium dioxide foregcling
to the enrichment plant, 1% plutonium, which isneated to fuel or placed in storage, and f386ion
products which are encased in glass and permanently stored.
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The important thing to remenber about the faglle is the small quantitiy of radioaet fission
products (1.5 kilograms) which are created as radi@etaste in producing gver which can see
the yearly eletricity needs of 8,000 people for the three years that it op&reteshematic of the entire
fuel cycle stowing both the United States system (once-through) and the Europegiefesystem is
given inFigure 7.51.
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FIGURE 7.5.1 The nuclear fuetycle.
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7.6 Solar Energy Resources

D. Yogi Goswami

The sun is aast nuclear gwer plant of the fusiomariety which generatesower in the form of radiant
enggy at a rate of 3.8 10> kW. An extremely small fraction of this is intercepted by Eatit, even

this small fraction amounts to the huge quantity 8fxL104 kW. On theaverage, about 60% of this
enggy, incident at the outer edge of the atmosphere, reaches fheeslio compare these numbers
with our enegy needs, consider the present electrical-generating capacity in the United States, which
is approximately of & 1 kW. This is eqivalent to amaverage solar radiatiofalling on only 1000
square miles in a cloudless desert area. It mostMer, be remembered that solar egeis distrbuted
over the entire stiace of Eartlfacing the sun, and it seldoaceeds 1.0 kW/f Compared to other
sources, such as fossil fuels or nucleaver plants, solar engy has avery low enegy densiy. However,
solar radiation can be concentrated to eehvery high enegy densities. Indeed, temperatures as high
as 3000 K bve been acleied in solar furnaces.

Solar enggy technology has beeratloped to a point where it can replace most of the fossil fuels
or fossil fuel-deived enegy. In many applications it is already economical, and it is a matter of time
before it becomes economical for other applications as well.

This section deals in ttawailability of solar radiation, including methods of measurement, calculation,
andavailable data.

Solar Energy Availability

Detailed information about solar radiatiemailability at any location is essential for the design and
economicevaluation of a solar engy system. Long-term measured data of solar radiatioavailable
for a lage number of locations in the United States and other parts afdtié Where long-term
measured data are revailable,various models based amailable climatic data can be used to estimate
the solar engy availability. The solar engy is in the form of electromagnetic radiation with the
wavelengths ranging from about30um (10 m) to over 3 um, which correspond to uétriolet (less
than 0.4um), visible (0.4 and 0.@m), and infrareddver 0.7um). Most of this engy is concentrated
in the visible and the neinfrared wavelength range (se€igure 7.6.1)The incident solar radiation,
sometimes calleéhsolation, is measured as irradiance, or thergpeper unit time per unit area (or
power per unit area)he units most often used amatts per square meter (\WImBritish thermal units
per hour per square foot (Btw/ft?), and Langlys (calories per square centimeter per minute, c&l/cm
min).

The amount of solar radiatidalling on a suiace normal to the rays of the sun outside the atmosphere
of the earth éxtraterrestriallat mean Earth-sun distan(®) is called thesolar constant |,. Measure-
ments byNASA indicated thevalue of solar constant to be 38//m? (+1.6%) This valuewas evised
upward and the present acceptedue of the solar constant is T3W/m? (Quinlan, 1979) or 437.1
Btu/hr-ft? or 1.974 langlys. Thevariation in seasonal solar radiatiarailability at the suiace of Earth
can be understood from the geometry of the isdatovement of Earth around the sun.

Earth-Sun Relationships

Figure 7.6.2slows the annual motion of Earth around the.skime extraterrestrial solar radiation
varies throughout the year because ofvidugation in the Earth-sun distan() as:

I =1,(D/D,)° (7.6.1)

which may be approximated as (Spand®71)
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FIGURE 7.6.1 Spectral distbution of solar engy at seadvel. (Reprinted by permission from KreitR, and
Kreider, JF., Principles of Solar EngineerindHemisphereWashington, D.C., 1978.)
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FIGURE 7.6.2 Annual motion of the Earth around the sun.

(D/D,)” =1.00011 + 0.034221c05(x) + 0.00128sin(x) + 0.000719c0s(2x) + 0.000077sin(2x) ~ (7.6.2)

where

x = 360(N —1)/365° (7.6.3)

ard N = Day number (starting from January 1 asThe axis of the Earth is tilted at an angle of 83.4

to the plane of its elliptic path around the sthis tilt is the major cause of the seasoraiation of
solar radiationavailable at ay location on EarthThe angle between the Earth-sun line and a plane
through the equator is callesolar declination, 8. The declinatiorvaries between —23.4%0 +23.458

in 1 yea. It may be estimated by the relation:
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FIGURE 7.6.3 Apparent daily path of the sun across the sky from sunrise to surseghhe solar altitude and
azimuth angles.

& = 23.45°sin[360(284 + N)/365°] (7.6.4)

The apparent motion of the sun around the earthasrsin Figure7.6.3 The solar altitude angle 3,
and thesolar azimuth angle ®, describe the position of the sun ay éime.

Solar Time

The sun angles are found from theokitedge of solar time, which fiéers from the local timeThe
relationship between solar time and local standard time (LSTyés ¢y

Solar Time = LST +ET +4(L, - L) (7.6.5)
where ET is thequation of time which is a correctiofactor in minutes that accounts for thegularity

of the motion of the Earth around the sugpis the standard time meridiandin,, is the local longitude.
ET can be calculated from the fmlling empirical equation:

ET(in minutes) = 9.87sin2B - 7.53cosB - 1.5sin B (7.6.6)

whereB = 360(N — 81)/365.
The sun angleB (altitude) and® (azimuth) can be found from the equations:

sinf3 = cos/cosdcosH +sin/sind (7.6.7)
wheref{ = latitude angle,

sin® = cosdsinH/cosp (7.6.8)

and

© 1999 by CRC Press LLC



7-40 Section 7

H = Hour angle = Number of mmut(?sfrom local solar noon (7.6.9)
4 min/degree

(At solar noonH =0, so =90 —{ — 9| and® = 0.)

Solar Radiation on a Surface

As solar radiationl, passes through the atmosphere, some of it is absorbed by amtencapa, while
some gets scattered by molecules of water vapa, aerosols, and dust particléhe part of solar
radiation that reaches the fage of the Earth with essentially no change in direction isdudiltect or
beam normal radiation, I,. The scattered radiation reaching theface from the atmosphere is called
diffuse radiation, I

I,y €an be calculated from thestraterrestrial solar irradianck and the atmospheric optical dept
as (Gowami et al., 1981ASHRAE, 1995)

I, = le7"*% (7.6.10)
wher 6, is the solar zenith angle (angle between the sun rays amdrttoal) The atmospheric optical
depth determines the attenuation of the solar radiation as it passes through the atnidsetiere
and Jordan (1958) calculatealues oft for average atmospheric conditions at ssallwith a moderately
dusty atmosphere and amounts of precipitatdéer vapor equal to theveragevalue for the United
States for each montifhesevalues are igen in Table 7.6.1 To account for the ffierences in local
conditions from theaverage seaelel conditions Equation (7.6.10) is médd by a parameter called
Clearness NumlpeCn, introduced yp Threlkeld and Jordan (1958):

I = Cnle ™% (7.6.11)
values of Crvary between 0.85 and 1.15.

TABLE 7.6.1 Average Values d Atmospheric Optical Depth (t) and XKy Diffuse Factor (C) for 21st Day of
Each Month

Month 1 2 3 4 5 6 7 8 9 10 11 12
T 0.142 0.144 0.156 0.180 0.196 0.205 0.207 0.201 0.177 0.160 0.149 0.142
C 0.058 0.060 0.071 0.097 0.121 0.134 0.136 0.122 0.092 0.073 0.063 0.057

Souce Threlkeld, J.L. and Jordan, R,&SHRAETrans, 64, 45, 1958.

Solar Radiation on a Horizontal Surface

Total incident solar radiation on a horizontalfage is gven by

[ =1, cos8, +Cl,, (7.6.12)

t,Horizontal
=1,,SiNB+Cl,, (7.6.13)

where®, is called the solar zenith angleda@ is called the lgy diffusefacta, as gven n Table 7.6.1

Solar Radiation on a Tilted Surface

For a suface of ay orientation and tilt as stwn in Figure 7.6.4the angle of incidenc®, of the direct
solar radiation is igen by
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FIGURE 7.6.4 Definitions of solar angles for a tilted surface.

cosB = cosfcosysin +sinfcosZ (7.6.14)

whery is the angle between horizontal projections of the rays of the sun and the normal téattee sur
> is the tilt angle of the stace from the horizontal.
For a tilted sufiace with angle of incidend® the total incident solar radiation issgn by

Iy = T €050 + L jirrice * retiecten (7.6.15)
where
Ltruse = Clpn (1+ €0OSZ)/2 (7.6.16)
and
| etictea = Plon (C +iNB)(L - cosZ)/2 (7.6.17)

wher p is the refledvity of the surroundingskor ordinary ground or grasp is approximately 0.2
while for ground overed with sow it is approximately 0.8.

Solar Radiation Measurements
Two basic types of instruments are used in measurements of solar ratlia¢i®es are (sdeigure 7.6.5)

1. Pyranometer:An instrument used to measure global (direct arfflish) solar radiation on a
suiface This instrument can also be used to measure ffigséiradiation by blocking out the
direct radiation with a shad band.

2. Pyrheliometer:This instrument is used to measure only the direct solar radiation offiaaesur
normal to the incident beam. It is generally used with a tracking moletem it aligned with
the sun.

More-detailed discussions about these and other solar radiation measuring instruments can be found in
Zerlaut (1989).
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FIGURE 7.6.5 Two basic instruments for solar radiation: (a) pyranometer; (b) pyrheliomete

Solar Radiation Data

Measuredsalues of solar radiation data for locations in the United Statewaitable from the National
Climatic Centern Asheville, NC. A number of statesaue further presented solar radiation data for
locations in those states in readily usable foiveather services and egg dfices in almost all the
countries lve available some form of solar radiation data or climatic data that can be usedveo der
solar radiation data for locations in those countilebles 7.6.2 to 7.6.8ive solar radiation data for
clear days for soutfacing sufaces in the Northern Hemisphere (and norttieang sufaces in the
Southern Hemisphere) tilted 6%, 15, 3¢, 45°, 6(°, 75°, andvertical, for latitude°, 1C°, 2C°, 30,

40°, 5¢°, and 60. The actuakverage solar radiation data at a location is less thawalhes gven in
these tables because of the cloudy and partly cloudy days in addition to the cleihdactual data
can be obtained either from long-term measurements or from modeling based on some climatic param-
eters, such as percent sunshifables 7.6.9 to 7.6.1glve hourly solar angles for northern latitud@8s

20°, 40°, and 60.
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TABLE 7.6.2 Average Daily Total Solar Radiation on South-Facing Surfaces in Northern Hemisphere;

Latitude = O°N

Month

o GV S - N P ST JRE W g

-

-—
(]

Horiz.

3111
32.34
32.75
31.69
29.97
28.82
29.22
30.59
31.96
32.18
31.33
30.51

15°

34.13
33.90
32.21
29.13
26.08
24.43
25.08
27.48
30.51
32.82
33.80
3390

30°

35.13
33.45
29.79
24.93
20.81
18.81
19.66
22.87
27.34
31.54
34.28
35.27

45°

34.02
31.03
25.67
19.39
14.64
12.54
13.48
17.13
22.65
28 .44
32.72
34.53

60°

30.90
26.80
20.12
12.97

8.34

6.66

7.45
10.82
16.78
23.73
29.24
31.73

75°

25.96
21.05
13.53
6.59
4.92
5.07
5.17
5.58
10.18
17.72
24.08
27.05

90°

19.55
14.18
6.77
4.97
5.4
5.24
5.31
5.32
5.33
10.84
17.58
20.83

TABLE 7.6.3 Average Daily Total

Latitude = 10°N

Solar Radiation on South-Facing Surfaces in Northern Hemisphere;

Month  Horiz. 15° 30° 45° 60° 75° 90°
1 27.19 31.27 33.48 33.67 31.83 28.08 22.69
2 29.64 32.43 33.31 32.20 29.17 24.45 18.35
3 31.84 32.63 31.51 28.56 23.98 18.08 11.27
4 3291 31.37 28.23 23.55 17.65 11.09 5.63
5 32.48 29.58 25.07 19.35 12.96 6.95 5.50
6 32.0t 28.46 23.42 17.36 10.97 5.78 5.68
7 32.13 28.88 2410 18.23 11.87 6.33 5.75
8 32.31 30.28 26.57 21.48 15.42 9.10 5.58
9 31.93 31.74 29.73 26.05 20.95 14.79 8.17
10 30.25 32.14 32.16 30.29 26.67 21.54 15.25
Il . 27.85 31.43 33.14 32.87 30.64 26.60 21.02
12 26.30 30.66 33.19 33.71 32.20 28.75 23.59
TABLE 7.6.4 Average Daily Total Solar Radiation on South-Facing Surfaces in Northern Hemisphere;
Latitude = 20°N
Month  Horiz. 15° 30° 45° 60° 75° 90°
1 22.47 27.33 30.55 31.91 31.32 28.83 24.59
2 25.96 29.83 31.92 32.10 30.34 26.77 21.63
3 29.83 31.91 32.12 30.43 26.97 21.97 15.78
4 32.65 32.59 30.67 27.02 21.9¢ 15.74 9.16
b 34.01 32.26 28.73 23.73 17.68 11.23 6.09
6 34.31 31.79 27.57 22.05 15.73 9.44 6.05
7 341 31.93 28.03 22.76 16.59 10.26 6.09
8 33.00 32.16 29.53 25.30 19.83 13.57 7.51
9 30.80 31.87 3t.11 28.58 24.44 18.98 12.61
10 27.28 30.32 31.58 30.97 28.54 244 18.97
i1 23.50 27.95 30.73 31.67 30.68 27.85 23.36
12 21.34 26.38 29.83 31.47 3118 28.99 25.03

Note: Values are in megajoules per square meter. Clearness number = 1.0; ground reflection = 0.2.
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TABLE 7.6.5 Average Daily Total Solar Radiation on South-Facing Surfaces in Northern Hemisphere;
Latitude = 30°N

Month  Horiz. 15° 30° 45° 60° 75° 90°
I 17.19 22.44 26.34 28.63 29.15 27.86 24.85
2 21.47 26.14 29.25 30.59 30.06 27.70 23.68
3 26.81 30.04 31.50 31.09 28.84 24.90 19.54
4 31.48 32.71 32.06 29.57 25.44 19.96 13.60
5 34.49 33.96 31.56 27.49 22.08 15.82 9.49
6 35.61 34.24 31.03 26.28 20.40 13.97 8.02
7 35.07 34.06 31.21 26.76 21,11 14.77 8.68
8 32.60 33.00 31.54 28.35 23.68 17.89 11.57
9 28.60 30.87 31.35 30.02 26.97 22.42 16.67
10 23.41 27.38 29.74 30.33 29.10 26.14 21.66

18.50 23.48 27.05 28.98 29.14 27.51 24.20
15.90 21.19 25.21 27.68 28.44 27.43 24.71

"~

TABLE 7.6.6 Average Daily Total Solar Radiation on South-Facing Surfaces in Northern Hemisphere;
Latitude = 40°N

Month  Horiz. 15° 30° 45° 60° 75° 90°
1 11.62 16.72 20.82 23.63 24.96 24.72 22.93
2 16.36 21.45 25.25 27.51 28.07 26.90 24.07
3 22.86 27.03 29.61 30.41 29.39 26.60 22.25
4 29.26 31.69 32.29 31.04 28.01 23.44 17.67
5 33.92 34.63 33.42 30.43 25.88 20.15 13.77
6 35.91 35.73 33.64 29.84 24.65 18.52 12.10
7 35.02 35.20 33.48 30.03 25.13 19.19 12.82
8 31.15 32.73 32.48 30.43 26.73 21.68 15.68

9 25.41 28.72 30.36 30.23 28.35 24.83 19.93
10 18.78 23.37 26.59 28.21 28.12 26.33 22.96
1l 13.09 18.11 22.05 24.64 25.70. 25.16 23.06
12 10.29 15.25 19.29 22.14 23.60 23.57 22.06

TABLE 7.6.7 Average Daily Total Solar Radiation on South-Facing Surfaces in Northern Hemisphere;
Latitude = 50°N

Month  Horiz. 15 30° 457 60° 75° 90°
1 6.16 10.32 13.85 16.51 18.13 18.60 17.88
2 10.89 15.84 19.83 22.59 23.95 23.81 22.17
3 18.13 22.92 26.36 28.20 28.33 26.73 23.51
4 26.04 29.52 31.29 31.26 29.41 25.90 20.96
3 32.36 34.22 34.21 32.37 28.83 23.87 17.91
6 35.29 36.23 35.28 32.55 28.25 22.71 16.42
7 34.01 35.32 34.75 32.39 28.42 23.14 17.01
8 28.70 31.35 32.26 31.37 28.76 24.62 19.27
9 21.33 25.43 28.06 29.04 28.32 25.92 22.03
10 13.59 18.36 22.05 24.40 25.26 24.56 22.36

7.62 11.98 15.62 18.30 19.82 20.10 19.11
2 4.95 8.70 11.93 14.41 15.98 16.53 16.02

N

Note: Values are in megajoules per square meter. Clearness number = 1.0; ground reflection = 0.2.
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TABLE 7.6.8 Average Daily Total Solar Radiation on South-Facing Surfaces in Northern Hemisphere;
Latitude = 60°N

Month  Horiz. 15° 30° 45° 60° 75° 90°
1 1.60 3.54 5.26 6.65 7.61 8.08 8.03
2 5.49 9.38 12.71 15.25 16.82 17.32 16.72
3 12.82 17.74 21.60 24.16 25.22 24.73 22.71
4 21.96 26.22 28.97 30.05 29.38 27.00 23.09
5 30.00 32.79 33.86 33.17 30.73 26.72 21.45
6 33.99 35.82 35.93 34.29 31.00 26.26 20.46
7 32.26 34.47 34.97 33.71 30.78 26.36 20.80
8 25.37 28.87 30.80 31.02 29.53 26.42 21.94
9 16.49 21.02 24.34 26.22 26.54 25.27 22.51
10 8.15 12.39 15.90 18.45 19.85 20.0t 18.92
11 2.70 5.27 7.53 9.31 10.51 11.03 10.84

N

2 0.82 2.06 3.16 4.07 4.71 5.05 5.07

Note: Values are in megajoules per square meter. Clearness number = 1.0; ground reflection = 0.2.

Defining Terms

Diffuse radiation: Scattered solar radiation coming from the sky.

Direct or beam normal radiation: Part of solar radiation coming from the direction of the sun on a
surface normal to the sun’s rays.

Equation of time: Correction factor in minutes, to account for the irregularity of the Earth’s motion
around the sun.

Extraterrestrial solar radiation: Solar radiation outside Earth’s atmosphere.

Insolation: Incident solar radiation measured as \Wtm Btu/hr-fé.

Solar altitude angle:Angle between the solar rays and the horizontal plane.

Solar azimuth angle:Angle between the true south horizontal line and the horizontal projection of the
sun’s rays.

Solar constant: Extraterrestrial solar radiation at the mean Earth-sun distance.

Solar declination: Angle between the Earth-sun line and a plane through the equator.
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TABLE 7.6.9 Hourly Sun Angles for Latitude = * N

Solar time Jan. 21 Feb. 21 March 21
AM PM  Altitude Azimuth Altitude Azimuth Altitude Azimuth
12 0 69.9 0.0 79.1 0.0 89.9 0.0
11 1 65.1 353 71.5 53.4 75.0 89.5
10 2 54.4 53.8 58.3 69.0 60.0 89.7
9 3 41.6 62.6 440 74.8 45.0 89.8
8 4 28.0 67.1 29.4 71.5 30.0 89.8
7 5 14.1 69.2 14.7 8.7 15.0 89.9
6 6 0.0 69.9 0.0 79.1 0.0 89.9
April 21 May 21 June 21
Altitude  Azimuth Altitude  Azimuth Altitude Azimuth
12 0 78.5 180.0 70.0 180.0 66.6 180.0
i1 1 71.2 128.3 65.2 144.6 62.4 149.2
10 2 58.1 112.2 54.5 126.0 52.6 130.9
9 3 439 106.1 41.6 117.2 40.4 121.5
8 4 29.3 103.3 28.0 112.8 27.3 116.6
7 5 14.7 101.9 14.1 110.6 13.7 114.2
6 6 0.0 101.5 0.0 110.0 0.0 113.4
July 21 Aug. 21 Sept. 21
Altitude  Azimuth Altitude Azimuth Altitude Azimuth
12 0 69.3 180.0 77.6 180.0 88.9 180.0
11 I 64.7 145.5 70.6 130.4 75.0 94.1
10 2 54.1 127.0 57.7 113.8 60.0 92.1
9 3 41.4 118.1 437 107.3 45.0 91.5
8 4 279 113.5 29.2 104.3 30.0 91.2
7 5 14.0 111.3 14.6 102.9 15.0 91.1
6 6 0.0 110.7 0.0 102.4 0.0 91.1
Oct. 21 Nov. 21 Dec. 21
Altitude Azimuth Altitude Azimuth Altitude Azimuth
12 0 79.6 0.0 70.3 0.0 66.6 0.0
it I 71.8 54.8 65.4 35.8 62.4 30.8
10 2 58.4 69.9 54.6 544 52.6 49.1
9 3 441 75.5 41.7 63.1 40.5 58.5
8 4 29.5 78.1 28.1 67.5 27.3 63.4
7 5 14.7 79.3 14.1 69.7 13.7 65.8
6 6 0.0 79.6 0.0 70.3 0.0 66.6

Note: To convent from solar time to local time, apply corrections for longitude and equation
of time.

Further Information

Cinquenami, V., Owensby, J.R., and Baldwin, R.G. 1978. Input Data for Solar Systems, Report prepared
for the United States Department of Energy. National Climatic Center, Asheville, NC.
Solar Resourcesdited by R.H. Hulstrom, MIT Press, Cambridge, MA, 1989.
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TABLE 7.6.10 Hourly Sun Angles for Latitude = 20 N

Solar time Jan. 21 Feb. 21 March 21
AM PM Altitude Azimuth Altitude Azimuth Altitude Azimuth
12 0 499 0.0 59.1 0.0 69.9 0.0
11 1 473 21.0 55.8 26.9 65.1 37.9
10 2 40.3 38.0 47.3 46.3 54.4 59.2
9 3 30.4 50.4 36.0 59.1 41.6 71.0
8 4 18.9 59.3 234 67.9 28.0 78.7
7 5 6.4 65.9 10.0 74.4 14.0 84.6
6 6 -6.8 71.0 -3.7 79.8 0.0 89.9
April 21 May 21 June 21
Altitude Azimuth Altitude Azimuth Altitude Azimuth
12 0 81.5 0.0 90.0 0.0 86.6 180.0
11 1 73.3 61.8 75.9 92.5 75.7 106.6
10 2 60.0 78.2 61.8 95.2 62.0 102.5
9 3 46.0 86.0 47.8 98.1 48.2 103.2
8 4 31.9 91.4 33.9 101.2 345 105.3
7 5 17.9 96.1 20.2 104.7 211 108.3
6 6 39 100.9 6.7 108.9 7.8 112.2
July 21 Aug. 21 Sept. 21
Altitude Azimuth Altitude Azimuth Altitude Azimuth
12 0 89.3 0.0 82.4 0.0 711 0.0
11 1 75.9 95.3 73.7 64.5 66.1 39.6
10 2 61.9 96.6 60.3 79.9 55.1 60.9
9 3 479 99.0 46.3 87.2 42.1 72.4
8 4 34.1 101.9 322 92.4 28.4 80.0
7 5 20.4 105.4 18.F 97.0 4.5 85.8
6 6 6.9 109.5 4.2 101.7 0.4 91.0
Oct. 21 Nov. 21 Dec. 21
Altitude Azimuth Altitude Azimuth Altitude Azimuth
12 0 59.6 0.0 50.3 0.0 46.6 0.0
i1 1 56.2 27.3 47.7 21.2 442 19.3
10 2 47.6 46.9 40.6 38.3 37.6 354
9 3 36.3 59.7 30.7 50.7 28.3 474
8 4 23.6 68.4 19.1 59.6 17.2 56.3
7 5 10.2 74.9 6.5 66.2 5.0 62.8
6 6 -3.5 80.3 -6.6 71.4 -7.8 67.8

Note: To convert from solar time to local time, apply corrections for longitude and equation
of time.
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TABLE 7.6.11 Hourly Sun Angles for Latitude = 40 N

Solar time Jan. 21 Feb. 21 March 21
AM PM Altitude Azimuth Altitude  Azimuth Altitude Azimuth
12 0 29.9 0.0 39.1 0.0 49.9 0.0
11 1 28.3 16.0 37.2 18.6 47.6 22.6
10 2 23.7 30.9 32.0 354 41.4 41.8
9 3 16.7 439 24.2 49.6 32.7 57.2
8 4 8.0 55.2 14.8 61.6 224 69.5
7 5 -2.0 65.2 4.2 72.0 1.3 80.1
[ 6 *RxK 74.3 -7.0 81.6 -0.1 89.9
April 21 May 21 June 21
Altitude Azimuth Altitude  Azimuth Altitude  Azimuth
12 0 61.5 0.0 70.0 0.0 73.4 0.0
11 1 58.6 29.1 66.2 37.1 69.2 41.9
10 2 51.1 51.3 57.5 60.9 59.8 65.8
9 3 41.2 67.1 46.8 76.0 48.8 80.2
8 4 30.3 79.2 354 87.2 374 90.7
7 5 18.8 89.4 240 96.6 259 99.7
6 6 7.4 98.9 12.7 105.6 14.8 108.4
S 7 ~3.8 108.5 1.9 114.7 4.2 117.3
July 21 Aug. 21 Sept. 21
Altitude Azimuth Altitude Azimuth Altitude Azimuth
12 0 70.7 0.0 62.4 0.0 51.1 0.0
11 1 66.8 37.9 59.4 29.8 48.8 23.1
10 2 57.9 61.8 51.8 52.2 425 42.7
9 3 47.2 76.8 419 68.0 33.6 58.1
8 4 35.8 87.8 30.8 80.0 23.3 70.5
7 5 24.3 97.2 19.4 90.1 121 81.1
6 6 13.1 106.1 8.0 99.6 0.7 90.8
5 7 2.4 115.2 -3.2 109.1 bbb 100.6
Oct. 21 Nov. 21 Dec. 21
Altitude Azimuth Altitude  Azimuth Altitude Azimuth
12 0 39.6 0.0 30.3 0.0 26.6 0.0
11 1 37.8 18.8 28.7 16.1 250 15.2
10 2 325 35.7 24.1 31.0 20.7 29.4
9 3 24.7 499 17.0 4.1 14.0 420
8 4 15.1 61.9 8.3 55.5 5.5 53.0
7 5 4.6 72.4 -1.7 65.5 -4.2 62.7

Note: To convert from solar time to local time, apply corrections for longitude and equation
of time.
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TABLE 7.6.12 Hourly Sun Angles for Latitude = 60 N

Solar time Jan, 21 Feb. 21 March 21

AM PM Altitude Azimuth Altitude Azimuth Altitude Azimuth

12 0 9.9 0.0 19.1 0.0 29.9 0.0
11 1 9.0 14.2 18.1 15.5 28.7 17.2
10 2 6.3 28.2 15.2 30.6 25.5 33.6
9 3 2.0 41.6 10.6 449 20.6 49.1
8 4 -3.6 54.6 4.7 58.6 14.4 63.4
7 5 oKk 67.1 ~2.1 71.7 7.3 76.9
April 21 May 21 June 21
Altitude Azimuth Altitude Azimuth Altitude  Azimuth
12 0 41.5 0.0 50.0 0.0 53.4 0.0
11 1 40.3 19.4 48.6 21.6 52.0 22.7
10 2 36.7 37.7 44.7 41.4 479 432
9 3 31.3 54.2 389 58.7 420 60.8
8 4 24.7 69.1 32.1 73.8 35.0 76.0
7 5 17.5 82.8 24.7 87.5 27.6 89.6
6 6 10.0 95.8 17.2 100.3 20.1 102.2
5 7 2.7 108.7 10.0 112.8 13.0 114.5
July 21 Aug. 21 Sept. 21
Altitude Azimuth Altitude Azimuth Altitude Azimuth
12 0 50.7 0.0 424 0.0 311 0.0
11 1 49.2 21.8 41.2 19.6 29.9 17.4
10 2 45.3 41.7 37.5 38.0 26.7 34.0
9 3 39.5 59.1 32.1 54.6 21.7 49.5
8 4 32.6 74.2 255 69.6 15.4 63.9
7 5 25.3 87.9 18.2 83.3 8.4 71.5
6 6 17.8 100.7 10.7 96.3 0.9 90.5
5 7 10.6 113.1 34 109.1 -6.5 103.6
Oct. 21 Nov. 21 Dec. 21
Altitude Azimuth Altitude Azimuth Altitude Azimuth
12 0 19.6 0.0 10.3 0.0 6.6 0.0
11 I 18.6 15.6 9.4 14.3 5.7 13.8
10 2 15.7 30.7 6.6 28.3 3.0 27.3
9 3 11.1 45.1 2.3 41.8 ~-1.1 40.5
8 4 5.2 58.8 -3.2 54.7 -6.6 53.1
7 5 -1.6 71.9 -98 67.3 hhi 65.5

Note: To convert from solar time to local time, apply corrections for longitude and equation
of time.

© 1999 by CRC Press LLC



7-50 Section 7

7.7 Wind Energy Resources’
Dale E. Berg

The mechanical@ices that are used tome@rt kinetic enggy in the wind into useful shafioper are

known as windmills (the earliest machines were used to mill grain), wind machines, or wind turbines.
The earliest use of wind machines appearsae fbeen in ancient Persia, whereythwere used for
grinding grain and pumpingate. By the 14th centyr completely diferent types of mills kawn as

post and cap mills had become a major source afygrier milling, water pumping, and other tasks
throughout northern Europe, andgthremained so well into the 19th centuwhen the steam engine
displaced them in nmg applications.

A new form of windmill appeared in United States in the second half of the 19th century — the
multivane or annular windmill, also sometimesokn as tle American windmill (seg-igure 7.7.1)
These small, lightweight machines were designed taw&ihigh winds with no human intemtion by
automatically sheddinggwer, and tkey played a lege role in the settlement ofdlmerican West —
an arid country where little siacewater isavailable. May windmills of this basic type are still in use
for water pumping around theorld todgy.

FIGURE 7.7.1 The multiblag American windmill Photograph by Paul Gipe. (Adapted fidvtnd Power for Home
& Business Chelsea Green Publishing. 1993).

By the end of the 19th cenyurefforts to adapt wind @wer to electricity generation were underyy
in several countries. In the early 20th cetuismall wind turbine generators utilizing onlya or three
aerodynamic blades and operating at a higher rotational speed than the multibladed windmills were
developed. May thousands of generators of this typeenbeen used to gride electricity in the remote
areas of thevorld over the past 85 years.

Large-scale wind turbines designed to generate electrmaérpwerebuilt and tested in everal
European countries and the U.S. between 1935 and 1@W@vét, economic studies stved that the
electricity generated by the machinesuld beevery expensve, and no #ort was made toe@elop the
machines as a serious alteimatenegy source.

* This work was supported by the United States Department g§¥Enader Contract DRC04-94AL85000.
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As a result of research andvdlopment since the mid 1970s, the cost ofrggner wind-generated
electricity has decreased from around 30¢ pewdatt-hour (kWhr) in the early 1980s to less than
5¢/kWhr for a modern winflarm at a good site in 1995, and wind turbémeilability (the fraction of
time the machine is operational; i.e., not disabled for repairs or maintenance) has increased from 50 to
60% to better than 95%ver the same periodt the end of 1995, there weoger 26,000 wind turbines
operatingworldwide with an installed capacity ofer 5000 MV. Twenty-five percent of that capacity
was installed in 1995, and plans for 1996 call for the installation of an additionaRB5% 2500 MW
of the 5000 MWwas in Europe, 1700 MWas in the U.S., andver 400 MWwas in India.

Wind Characteristics

Wind Speed and Shear

The primary cause of atmospheric air motion, or wind, evem heating of Earth by solar radiation.
For example, land andvater along a coastline absorb radiatioffedently, and this creates the light
winds or breezes normally found along a coast. Eartitation is also an importaf#ctor in creating
winds.

Wind moving across Earthk suface is stwed by treeshuildings, grass, rocks, and other obstructions
in its path The dfect of these obstructions decreases with increasing heigbe #ie suiace, typically
resulting in a wind speed thaearies with height atve the Eartls suface — phenomenon &wn as
wind shea. For most situations, wind shear is postand wind speed increases with heidiot,
situations in which the wind shear isgaive or nverse are not unusual. In the absence of actual data
for a specific site, a commonly used approximation for wind shear is

U, = (tvh,)* (7.7.1)

whereU is thevelocity at a height, U, is the measureeklocity at heighh,, anda is the non-dimensional
wind shearexponent.

The wind shem a, varies with terrain characteristidajt usually is between 0.10 and 0.25:eDa
smooth, ével, grass-overed terrain such as the United States Great Pirssnormally about 0.14.
For wind over row crops or dw bushes with adwv scattered trees, alue of 0.20 is more common
while avalue of 0.25 is normally a goaglue for windover a hevy stand of trees,eseral buildings,
or hilly or mountainous terrain.

A specific site may display muchffdirent wind shear betior than that gyen in Equation 7.7.1, and
that will dramatically &ect site enggy capture, making it important to measure the wind resource at
the specific site and height where the wind turbine will be located, if at all possible.

Wind Energy Resource

The available pwer in the wind passing through avgn area atrgy givenvelocity is due to the kinetic
enaggy of the wind and isigen by

Power :%pAUB (7.7.2)

where the pwer is inwatts, p is the air density in kg/fnA is the area of interest perpendicular to the
wind in n?, andU is the windvelocity in m/sec.

Air density decreases with increasing temperature and increasing alfiheddfect of temperature
on density is relately weak and is normally ignored, as theaeations tend t@verage oubver the
period of a yea The density dference due to altitudepivever, is significant and does naterage out.
For example, the air density at seadl is approximately 14% higher than that atize, CO (ebvation
1600 m or 5300 ft adve seadvel), so wind of ay velocity at seadvel contains 14% moreoper than
wind of the sameelocity at Dewer.
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From Equation 7.7.2, it isowious that the most importafdctor in theavailable mpwer is thevelocity
of the wind —available wind pwer is proportional to the cube of the wind speed, so doubling the wind
speed increases tlagailable pwer by afactor of 8 An increase in windrelocity of only 20%, sa
from 5 to 6 m/sec (11.2 to 13.4 mph), yields a 73% increaaenilable pwer.

Theavailable wind pwer at a site cawary dramatically with height due to wind shder example,
for a = 0.20, Equations (7.7.1) and (7.7.2yveal that theavailable pwer at a height of 30 m is
approximately {(30/10)% 2 = 1.93 times thewvailable pwer at 10 mThe amount of engy available
from the wind (thevind ene gy resouce) is theaverage amount ofgwer available from the winaver
a specified period of time, frequently a ydathe wind speed is 20 m/sec, thailable pwer isvery
large, but if it only blows at that speed for 10 h/year and the rest of the time the wind speed is 0, the
resource for the year igery small Therefore, the sitevind speed distrbution, or frequeiay at which
each wind speed occursMery important The distrbution is often presented in histogram form as the
probability that the wind occurs atyaparticular wind speed betwe8® and the maximum wind speed
(seeFigure 7.7.9)If the actual wind speed didiution is notavailable, it is frequently approximated
with a Rayleigh disthution based on the yeardyerage wind speed@he Rayleigh disthution is gven by

O-nu20

£(V) ; P07 (7.7.3)

where f(U) is the frequeey of occurrence of wind spdéJ) ard U is the yearlyaverage wind speed.

How big is the wind emgy resource? Ivaries dramatically from site to site. In 1981, scientists at
Battelle Pacific Northwest Laboratory (PNL) in the U.S. analyzed national weather data, ship data, and
terrain and made an estimate of therld-wide wind enggy resourceThat estimate is summarized in
Figure 7.7.2Very little data isavailable over much of theworld, but even whereexcellent data is
available, onlyvery crude estimates can be portrayed on a map of this scale. More detailed analysis of
available data for a specific country can yield a much better estimate of the wind resource for that countr

For example, the PNL scientistsve carefully analyzed and interpreted &ailable long-term wind
data for the U.S. andalie summarized their estimate of the windrggaesource in a series of maps
in theWind Enegy Resorce Atlas of the United StatgElliott et al., 1987)A summary for the entire
U.S. is reprodeed inFigure 7.7.3which presents the resource in terms of thegp class rating. Sites
with power class 4 (at least @3V/m? at 10 m height or 3DW/m? at 50 m height) and abe are
considered economic for utility-scale windwer davelopment withavailable wind technolog while
sites with pwer class 3 are not considered economic tdudyare lkely to become economic with
nea-term wind technology a@nces. Sites ingwer classes 2 opler are not considered economic for
utility-scale wind pwer development,but may well be economic for remote bybrid wind pwer
systems.

Much of the land in the United States is aatilable for wind eneyy development because it is in
environmentalexclusion areas such as parks, monuments, wilderness areas, wildlife refuges, and other
protected areas, or only a portion of it may leeetbped because of land-use restrictions for forest,
agriculture, range, and urban lands. \Batiz et al. (1992) estimated the wind rgyethat could be
generated (theind ener gy potential) for the United States laradailable for wind enegy development.

For the purposes of this stydhey assumed that turbines with a 50-m hub height, arranged in arrays
with 10 diameter by 5 diameter spacing, operating at 28B8ieacy, and experiencing 25% @wver
losses, were used to capture @ailable wind Their results for pwer class 4 and alke are summarized

in Figure 7.7.4ard Table 7.7.1They estimate that thaverage pwer that could be produced from this
resource is 512,000 W, significantly abve the 1994 U.Saverage electricity generation of 350,000
MW. They also estimate that thewailable windy lands with @wer class 3 or better resources could
yield anaverage pwer of 1,241,000 M/, more than three times the current United States electricity
generation. ldwever, since wind engy is intermittent, is typically concentrategiay from the major
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FIGURE 7.7.3 Map of United States wind energy resources. Reproduced from Elliott, Barchet, Foote, and SandusWjinti9Bidergy Resource Atlas of the United
States (Courtesy of Pacific Northwest Laboratory, Richmond, Washington.
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FIGURE 7.7.4 Map of United States wind electric potential. Reproduced from Schwartz, Elliott, amet, 3992.
Gridded State Maps &#nd Electric Potential (Courtesy oPacific Northwest Laboratgr RichmondWashington.)

TABLE 7.7.1 Estimates of Class4 Wind Land Area ard Wind Energy

Potential
State Average Power, MW Windy Land, km?

North Dakota 108,000 98,000
South Dakota 70,900 66,500
Wyoming 49,800 39,600
Montana 48,400 42,800
Minnesota 44,800 42,100
Kansas 35,700 33,600
Texas 28,900 27,100
Oklahoma 27,200 25,500
Colorado 26,400 24,300
Nebraska 22,200 20,900
lowa 15,800 14,900
New Mexico 5,200 4,600

National 512,300 464,200

Note The top 12 states and total for 48 contiguous stéfexd resource class 4 and
above, for a 30-m hub height.

population centers where the electricity demand is highest, and isvagsavailable when the demand
is great, it will probably ever supply more than 15 to 20% of the U.S. electricity needs.

Similar assessments may be performed fgr@untry of interestThe PNL scientistsdve recently
performed a similar assessment of #ailable long-term wind data for &ico and lave estimated the
wind resource there (Selartz and Elliott, 1995), as ehn in Figure 7.7.5While wind resources in
class 2 are toool to be economic for grid-connected windwer, they are useful for rural gwer
applications. Scientists at DenmarkRisg National Laboratoryabe done similarwork in Europe,
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FIGURE 7.75 Map of Mexican remote application wind engg resources. Reproduced from Schwartz and Elliott,
1995. MexicoWind Resotre AssessmentrBject (Courtesy of National Rewable Enegy Laboratoy, Golden,

Colorado.)

producing aEuropeanWind Atlas (Troen and Petersen, 1989) tlemdmines the wind resources of the
European Community countries and summarizes the resataitable at a 50 m height elee smooth,

flat terrain, with no obstacleShese results are presentedrigure 7.7.6Finland, Swederhlgeria, and
Jordan hBve produced similar reports, and atlases for Poland, Canada, Egypt, Sgriyrkey are
currently in preparation. Resource maps &egal other countries may be found in Rohatgi and Nelson
(1994).

Existing meteorological station data, in general, $icgutly underestimate the wind ege resources
because of lack of maintenance of wind sensors, poor locations at wjicirehplaced, and cursory
methods used in analyzing these dassessments such as these only identify the windygmesource
or potential on aery coarse gridThe actual wind resources inyaspecific area cavary dramatically
from those estimates and must be determined with sitefisperasurements.vEn areas with aery
low large-scale resource may contain small areas witdrya high resources.

Site Analysis and Selection

Biological Indicators

Many different methods may be used to identify areas of high wind resource. Persistent winds can cause
plant deformation, and careful obgation of these plants can be used to compare candidate sites and,
in at least some cases, to estimateaieage wind speed’he Griggs-Putnam ired, stown in Figure
7.7.7andexplained in Hwson Wade, and Bleer (1979), is amxample of a genus-specific correlation

of tree deformation with wind speed. It should be noted that althoughflaongkd trees (i.e., trees with
branches berdaway from a pevailing wind) may indicate that the annuwkrage wind speed is quite
strong, unflagged trees do not necessarily indicate that the winds are liflagded trees may be
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FIGURE 7.7.6 Map of European wind energy resources. Reproduced from Troen and Peterseiut®8San
Wind Atlas.(Courtesy of Rise National Laboratory, Roskilde, Denmark.
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FIGURE 7.7.7 The Griggs-Putnam irt of wind-induced tree deformation..

exposed to strong winds from all directions, with ifiigient persistence inng one direction to cause
flagging.
Effects of Topography
The dfects of surrounding terrain on the wind speed at a Bpaiie can be significant. If the proposed
site is flat, the terrairetture is the area of most concefiine rougher the terrain, the more the wind
flowing over it is retarded near the $ace. Flat terrain, such as age area of flat, open grassland, is
the simplest type of terrain for selecting a turbine site. If there are no nearby obstaclas|dimgs,
trees, or hills), the wind speed at i@emn height is nearly the sanoeer the entire area, and the best
way to increase thavailable mwer is to raise the rotor higherae the ground to te adantage of
posiive wind shea

Siting turbines on elated terrain such as hills, ridges, andfgltskes adantage of the generally
higher wind speed at increased altitudes. It may alsokeelp the turbinexposed to the winds ate
the calm, cool air that frequently accumulategaitheys and bwlands at night. In some cases, trevatied
terrain may cause an acceleration of the wind and thus furtheovenfite resourcevailable to the
turbine (sed-igure 7.7.8)Depressions include such terrain featurasbeys, basins, gges, and passes.
If the depressions channel the wifhdwv, they may povide good turbine sites. dwever, the pwer is
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FIGURE 7.7.8 Effect of wind fbw over a hill.

more lkely tovary by time-of-day or by season than it is favated terrainThe impact of terrain on
the wind resource and the best places to site turbingarious types of terrain are discussgd\tegley,
et al. (1980).

Wind Speed Measurements

The amount of wind emgy that can be captured at a site depends on the characteristics of the wind
speed at that sit&Vind characteristics (speed, direction, disttion, and shear) carary widely over

fairly short distances in either the horizontalvertical direction Therefore, in order to predict the
enagy capture of a turbine with the greatest possible acgunand measurements at the precise site
where the turbine will be located are needed. If therrataelaively small, measurements at the hub
height (or middle of the rotor) will $fice; for lager rotors, simultaneous measurementseatral
heights will be required to model the wind sp&adation across the rotor disk.

Complete characterization of the wind resource at a fapegste is avery time-consuming and
expensve dfort. A comprehenise site characterization normally requires measuring the wind for at
least 12 months, according YWegley et al. (1980). Een after acquiring the data, questions remain.
Long-term data from the nearest airport or long-term weather recording station can help determine
whether or not thisvas a normal wind year for the site and whether the winds were highaveor |
than the long-ternaverage (Gipe, 1993). If the costs and time requirements for on-site measurement
areexcessve, Wegley et al. (1980) and Gipe (1993)vg suggestions on methods of usigilable data
from nearby sites, together with a minimum of on-site data to estimate site wind speed.

In the absence of actual site data a Rayleigh bligivin (Equation 7.7.3) for the proper yeaaerage
wind speed may be used to estimate the site wind speedhudistri Wind resource estimates that are
made with these approximations to the site wind speed and windbudistmi will contain significantly
larger errors thamvould be found if the measured site characteristics were Bapde 7.7.9llustrates
the discrepancies between the measured wind speedudistts at tle Amarillo, TX airport and a
Bushland TX test site 20 milesway, and a Rayleigh disbiition for the sameverage wind speedhe
measured distoution at the airport hafar more engy in the 9 to 12 m/sec range, and this will yield
far more engy production than that estimated with the Rayleigh digion.

Wind Energy Capture Potential

With a wind speed distwution and a turbinegwer cuwve (power generated as a function of wind speed)
properly adjusted for the local air degsthe wind enrgy potential, or gross annual egg production
for a specific site, can be estimated as:

Energy = 87602 f(u,) @u, tP(U;) (7.7.4)
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FIGURE 7.7.9 Rayleigh and measured wind frequency distributions.

where 8760 is the number of hours in a yaads the number of wind speeds consideféd,) - AU, is

the probability of a given wind speed occurring, &id;) is the power produced by the turbine at wind
speedU,. If the measured wind speed distribution is used, refi{ate- AU, by the probability for the
appropriate wind speed (the height of the histogram bar for that wind speed times the wind speed
increment). If the power curve is for the turbine aerodynamic or rotor power rather than the electrical
power, subtract 10% to approximate the losses due to the turbine bearings and drivetrain. To estimate
the net annual energy production, or amount of energy actually delivered to the grid by the turbine,
subtract an additional 10% to approximate the electrical losses between the turbine and the grid, the
control system losses, and the decreased performance due to dirty blades. If the turbine will be operated
in an array, subtract another 5% for array-induced losses.

Environmental Impacts

Although wind turbines generate electricity without causing any air pollution or creating any radioactive
wastes, they have an impact on the environment. Wind turbines require a lot of land, but most of that
land (90% or so) will remain available for other uses such as farming or livestock grazing. Roads must
be built to facilitate installation and maintenance of the wind turbines. Turbines generate noise, but
newer turbines are much quieter than earlier models. Current industry standards call for characterization
of turbine noise production and rate of decay with distance from the turbine as part of the turbine-testing
process. In addition, turbines are large structures that will significantly change the landscape where they
are installed, creating visual impact pollution. Another environmental issue facing the wind industry is
that of bird deaths as a result of collisions with wind turbines. Preliminary studies indicate that the
magnitude of the problem is site specific, and avoiding known bird migration corridors and areas of
high bird concentrations when siting turbines and using tubular towers to offer fewer bird perch sites
will help to minimize bird collisions with new turbine installations.
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Defining Terms

Wind energy potential: The total amount of energy that can actually be extracted from the wind, taking
into account the efficiency of the wind turbines and the land available for wind turbine siting.

Wind energy resource:The total amount of energy that is present in the wind.

Wind shear: The change in wind velocity with increasing height above the ground.

Wind speed distribution: The frequency of occurrence of each wind speed over the course of a year.
This is site specific.
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7.8 Geothermal Energy
Joel L. Renner and Marshall ]. Reed

The word Geothermalcomes from the combination of the Greerdsgé meaning Earth, anithérm
meaning heat. Quite litergll geothermal engy is the heat of the Earth. Geothermal resources are
concentrations of the Eaithheat, or geothermal egg, that can bextracted and used economically
now or in the reasonable future. Currgntnly concentrations of heat associated witler in permeable
rocks can bexploited. Heat, fluid, and permeability are the three necessary componentxpfagtéd
geothermal fieldsThis section of Enmgy Resources will discuss the mechanisms for concentrating heat
near the sdace, the types of geothermal systems, andrieoemental aspects of geothermal produc-
tion.

Heat Flow

Temperature within the Earth increases with depth avarage of about®C/km. Spatialvariations
of the thermal errgy within the deep crust and mantle of the Eaitie gse to concentrations of thermal
enagy near the sfiace of the Earth that can be used as amggmesource. Heat is transferred from
the deeper portions of the Earth by conduction of heat through rocks, byothenemt of hot, deep
rock toward the sufiace, and by deep circulation whte. Most high-temperature geothermal resources
are associated with concentrations of heat caused by ahemmant of magma (melted rock) to nea
suiface positions where the heat is stored.

In older areas of continents, such as much ofiNemerica east of the Rag Mountains, heat dv
is generally 40 to 60 mWrh (milliwatts per square metefjhis heat fbw coupled with the thermal
conducivity of rock in the upper 4 km of the crust yields subste temperatures of 90 toQC at 4
km depth in the Eastern United States. Héaw within the Basin and Range (west of the Roc
Mountains) is generally 70 to 90 mWinand temperatures are generally greater th@ClLat 4 km.
There are lagevariations in tie Western United States, with areas of Heat greater than 100 mWh
and areas whichaae generally dwer heat bw such as the Cascade and Sieresada Mountains and
the West CoastA more detailed discussion of heldw in the United States available in Blackwell
et al. (1991).

Types of Geothermal Systems

Geothermal resources dmgdrothermal systems containimgater in pores and fractures. Mdstdro-
thermal resources contain liquichter, but higher temperatures awer pressures can create conditions
where steam andater or only steam are the continuous phases (White et al;, TifB@%dell ad White,
1973) All commercial geothermal production ékpected to be restricted hydrothermal systems for
many years because of the cost offestal addition ofwate. Successful, sustainable geothermakgye
usage depends on reinjection of the maximum quantity of prodiudgddo augment natural recige

of hydrothermal systems.

Other geothermal systems thavé been rivestigated for errgy production are (1) geopressured-
geothermal systems containingter with sorewhat ebvated temperatures (@ normal gradient) and
with pressures well alve hydrostatic for their depth; (2) magmatic systems, with temperature from 600
to 1400C; and (3) hot dry rock geothermal systems, with temperatures from 20@°©, 3bat are
subsuface zones witholv initial permeability and littlevate. These types of geothermal systems cannot
be used for economic production of exeat this time.

Geothermal Energy Potential

The most recent report (Huttrd 995) slows that 6800 M\W(megawatts electric) of geothermal electric
generating capacity is on-line in 21 countr{éable 7.8.1) The expected capacity in the year 2000 is
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TABLE 7.81 Installed and Projected Geothermal
Power Generation Capacity

Country 1995 2000
Argentina 0.67 n/e
Australia 0.17 n/a
China 28.78 81
Costa Rica 55 170
El Savador 105 165
France 4.2 n/a
Greece 0 n/a
Iceland 49.4 n/a
Indonesia 309.75 1080
Italy 631.7 856
Japan 413.705 600
Kenya 45 n/a
Mexico 753 960
New Zealand 286 440
Nicaragua 35 n/a
Philippines 1227 1978
Portugal (Azores) 5 n/a
Russia 11 110
Thailand 0.3 n/a
Turkey 20.6 125
u.S. 2816.0 5> 3395

Totals 6797.975 9960

a  Greece has closed its 2.0/ Milos pilot plant.

b n/a = information notvailable.

Souce Huttrer, GW., in Proceedings of thé\obrld
Geothermal Congss, 1995 International Geothermal
Association Auckland, N.Z., 1995, 3-14With
permission.

9960 MW.. Table 7.8.2ists the electrical capacity of U.S. geotheriialds Additional details of the
U.S. generating capacity aaeailable in DiPippo (1995) and McClarty and Reed (1992). Geothermal
resources also gvide enegy for agricultural uses, heating, industrial uses, and bathing. Freeston (1995)
reports that 27 countries had a total of 8228 MWegawatts thermal) of direct use capgcithe total
enagy used is estimated to be 108)7M/year (terajoules per yeafhe thermal errgy used by the
ten countries using the most geothermal resource for direct use istiJdole 7.8.3.

The U.S. Geological Suey has prepared assessments of the geothermal resources of the U.S.
Muffler(1979) estimated that the iddied hydrothermal resource, that part @ identified accessible
base that could bextracted and utilized at some reasonable future time, is 23,000ff\80 years.
This resourcevould operate @ver plants with an agggate capacity of 23,000 MWor 30 yearsThe
undisovered U.S. resource (inferred fromawiedge of Earth science) is estimated to be 95,000 to
150,000 MW for 30 years.

Geothermal Applications

In 1991, geothermal electrical production in the United Stages15,738 GWh (gawatt hours), and
the lagest in theworld (McLarty and Reed, 1992).

Most geothermal fields argater dominated, where liquidater at high temperaturbyt also under
high (hydrostatic) pressure, is the pressure-controlling mefiilimy the fractured and porous rocks of
the resevoir. In wate-dominated geothermal systems used for elegtrigiaiter comes into the wells
from the resewoir, and the pressure decreases asviter noves bward the siufiace, albwing part of
thewater to boil. Since the wells produce a mixturdlashed steam angate, a separator is installed
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TABLE 7.8.2 U.S. Installed Geothermal Electrical
Generating Capacity in MW,

Rated State/Field Plant Capacity Type
California
Casa Diablo 27 B
Coso 240 2F
East Mesa 37 2F
East Mesa 68.4 B
Honey Lake Valley 2.3 B
Salton Sea 440 2F
The Geysers 1797 S
Hawaii
Puna 25 H
Nevada
Beowawe 16 2F
Brady Hot Springs 21 2F
Desert Peak 8.7 2F
Dixie Valley 66 2F
Empire 3.6 B
Soda Lake 16.6 B
Steamboat 35.1 B
Steamboat 14.4 1F
Stillwater 13 B
Wabuska 1.2 B
Utah
Roosvelt 20 1F
Cove Fort 2 B
Cove Fort 9 S

Note S = natural dry steam, 1F = single flash, 2F = double
flash, B = binay, H = hybrid flash and bingr

TABLE 7.8.3 Geothermal Energyfor Direct Use by thke Ten Largest Uses Worldwide

Country Flow Rate, kg/sec Installed Power, MWt Energy Used TJ/year
China 8,628 1,915 16,981
France 2,889 599 7,350
Geagia 1,363 245 7,685
Hungary 1,714 340 5,861
Iceland 5,794 1,443 21,158
Italy 1,612 307 3,629
Japan 1,670 319 6,942
New Zealand 353 264 6,614
Russia 1,240 210 2,422
u.s. 3.905 1874 13.890

Total 37,050 8,664 112,441

Souce Freeston, D.H., ifProceedings of thé\brld Geothermal Congss, 1995|nternational
GeothermbAssociation Auckland, N.Z., 1995, 15-2@&Vith permission.

between the wells and thewger plant to separate the@d phasesThe flashed steam goes into the turbine
to drive the generatpand thewater is injected back into the regeair.

Many wate-dominated reseoirs bebw 175°C used for electricity are pumped tamnt thewater
from boiling as it is circulated through heatchangers to heat a secondary liquid that théveslra
turbine to produce electrigitBinary geothermal plants have no emissions because the entire amount
of produced geothermalater is injected back into the umgmemund resesir. The identified resees
of lower-temperature geotherm#lids are may times greater than the reges of high-temperature
fluids, poviding an economic inceive to develop more-icient power plants.
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Warmwate, at temperatures abe 20C, can be used directly for a host of processes requiring thermal
enegy. Thermal engy for swimming pools, space heating, and domesticwader are the most
widespread usebut industrial processes and agricultural drying acevng applications of geothermal
use. In 1995, the United Stawwas usingover 5@ TJ/year of engy from geothermal sources for direct
use (Lienau, et al., 1995Jhe cities of Boise, ID; Kb, NV; KlamathFalls, OR; and San Bernardino
and Susaville, CA have geothermal district-heating systems where a number of commercial and resi-
dential buildings are connected to didiion pipelines circulatingvater at 54 to 9 from the
production wells (Réerty, 1992).

The use of geothermal egg through ground-coupled heat pump technology has almost no impact
on the evironment and has a beneficidfest in reducing the demand for electrjciGeothermal heat
pumps use the res@ir of constant temperature, sl groundvater and moist soil as the heat source
during winter heating and as the heat sink during summer codliegenegy dficiency of geothermal
heat pumps is about 30% better than that ot@ipled heat pumps and 50% better than electric-
resistance heating. Depending on climatejaaded geothermal heat pump use in the United States
reduces errgy consumption and, correspondingbower-plant emissions by 23 to 44% compared to
advanced atcoupled heat pumps, and by 63 to 72% compared with electric-resistance heating and
standard air conditionerg’Ecuyer et al., 1993).

Environmental Constraints

Geothermal errgy is one of the cleaner forms of egye now available in commercial quantities.
Geothermal errgy useavoids the problems of acid rain, and it greatly reduces greenbasigmnissions
and other forms of air pollution. Potentially hazardous elements produced in geothermal brines are
removed from the fluid and injected back into the producing veserl.and use for geothermal wells,
pipelines, and @ver plants is small compared with land use for o#igiacive enegy sources such as
oil, gas, coal, and nucleaGeothermal e/elopment projects often exist with agricultural land uses,
including crop production or grazinghe average geothermal plant occupies only 400fan the
production of each gawatt hourover 30 years (Blin and Lenssen, 199I0he w life-cycle land use
of geothermal engy is may times less than the egy sources based on mining, such as coal and
nuclea, which require enormous areas for the ore and processing before fuel reactwgethglant.
Low-temperature applications usually are no more iiteuthan a normawater well. Geothermal
development will seve the gowing need for engy sources withdw atmospheric emissions andyen
environmental safgt

All known geothermal systems contain agueous carbon dioxide species in solution, and when a steam
phase separates from boilingte, CO, is the dominantdver 90% by weighthoncondensible gasin
most geothermal systems, noncondengilges mige up less than 5% by weight of the steam phase.
Thus, for each mgawatt-hour of electricity produced in 1991, thesrage emission of carbon dioxide
by plant type in the United Statess 990 kg from coal, 839 kg from petroleum, 540 kg from natural
gas, and 0.48 kg from geothernflalshed-steam (Cafjan, 1993). Hydrogen sulfide can reach moderate
concentrations of up to 2% by weight in the separated steam phase from some gefitidanal

At The Geysers geothermal field in California, either the Stretford process or the incineration and
injection process is used in geothernalier plants tkeep HS emissions belv 1 ppb (part per billion).
Use of the Stretford process in myeof the pwer plants aThe Geysers results in the production and
disposal of about 13,600 kg of sulfur peegawatt of electrical generation per yegigure 7.8.1slows
a typical system used in the Stretford procéskha Geysers (Henderson and Dorighi, 1989).

The incineration procedsirns the gas reaved from the steam to oeert H,S to SQ, the gases are
absorbed iwater to fom SOZ* ard SO,? in solution, and iron chelate is used tonfioS,0;” (Bedell
and Hammond, 1987)igure 7.8 shows an incineration abatement system (Bedell and Hammond,
1987) The major product from the incineration process is a soluble tfatswihich is injected into
the reseroir with the condensedater used for the resair pressure-maintenance program. Sulfur
emissions for each egawatt-hour of electricity produced in 1991, as,3® plant type in the United
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Treated gas to cooling tower
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cooler
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FIGURE 7.8.1 Typical equipment used in the Stretford process for hydrogen sulfide abatdéridwet Gysers
geothermal field. (Based on the diagram of Henderson, J.M. and DorighiG@otherm. ResouCounc.Trans,
13, 593-595, 1989.)
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FIGURE 7.8.2 Equipment used in the incineration process for hydrogen sulfide abatermbet@ysers geothe
mal field. (Based on the diagram of Bedell, S.A. and Hammond, Gefatherm. ResouCounc. Bull. 16(8), 3-6,
1987.)

Stateswas 9.23 kg from coal, 4.95 kg from petroleum, and 0.03 kg from geothéeaslaéd-steam
(Colligan, 1993). Geothermabyer plants Bve none of the nitrogen oxide emissions that are common
from fossil fuel plants.

Thewaters in geothermal res@irs range in composition from 0.1 d@er 25 wt% disseled solutes.
The geochemistry ofegeral representate geothermal fields is listed Table 7.8.4 Temperatures up
to 380C have been recorded in geothermal resés in the United States, and ngachemical species
have a significant solubility at high temperatufer example, all of the geothermadaters are saturated
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TABLE 7.8.4 Major Element Chemistry of Representative Geothermal Wells

$90N082y AS10UIg

Total? Total? Total? Total?

Field TCC) Na K Li Ca Mg cl F Br SO, CO, Sio, B H,S
Reykyavik, Iceland 100 95 15 <l 0.5 - 31 - - 16 58 155 0.03 -
Hveragerdi, Iceland 216 212 27 0.3 1.5 0.0 197 1.9 0.45 61 55 480 0.6 73
Broadlands, N. Zealand 260 1050 210 17 22 0.1 1743 73 57 8 128 805 482 <1
Wairekai, New Zealand 250 1250 210 132 12 0.04 2210 8.4 55 28 17 670 288 1
Cerro Prieto, Mexico 340 5820 1570 19 280 8 10420 14.1 0 1653 740 124 700
Salton Sea, California 340 50400 17500 215 28000 54 155000 15 120 5 7100 400 390 16
Roosevelt, Utah® <250 2320 461 253 8 < 3860 6.8 - 72 232 563 - -

@ Total CO,, Sio, etc. is the total CO, + HCO; +CO3~ expressed as CO,, silica + silicate as SIO,, etc.
b From Wright (1991); remainder of data from Ellis and Mahon (1977).

© 1999 by CRC Press LLC

L9-L



7-68 Section 7

in silica with respect to quartAs thewater is produced, silica becomes supersaturated, and, if steam

is flashed, the silica becomes highly supersaturated. Upon cooling, amorphous silica precipitates from
the supersaturated solutidrhe high fow rates of steam amdater from geothermal wells usuallyepent

silica from precipitating in the wellsut careful control of fluid conditions and residence time is needed

to prevent precipitation in sfiace equipment. Silica precipitation is delayed infibve stream until the

water reaches a crystallizer or settling poFteere the silica is alved to settle from thevate, and the

water is then pumped to an injection well.

Operating Conditions

For electrical generation, typical geothermal wells in the United Statespnoduction casing pipe in
the reseroir with an inside diameter of 29.5 cm, aftow rates usually range between 150,000 and
350,000 kg/hr of total fluid (Méerd, 1991) The geothermal fields contawate, or water and steam,

in the reseroir, and production rates depend on the amount of boiling in thevogsand the well on
the way to the siface The Geysers geothermal field in California has only stddlimg fractures in
the reseroir, and, in 1987 (approximately 30 years after producteyaty), theaverage well fw had
decreased to 33,000 kg/hr of dry steam ffiste, 1991) supplying the maximufield output of 2000
MW, Continued pressure decline has decreased the production.

In the Coso geothermal field near Ridgecrest, CA initial vegeconditions formed a steam cap at
400 to 500 m depth, avb-phase (steam andhater) zone at intermediate depth, and a ligquadker zone
at greater depth. Enthgl of the fluid produced from iddual wells ranges from 840 to 2760 kJ/kg
(Hirtz et al., 1993), reseoir temperatures range from 200 to 3@pand the fluid compositionofling
from the reseir into the diferent wells ranges from 100% liquid to almost 100% steam. Production
wells have a wide range ofdlv rates,but theaverage productiondiv rate is 135,000 kg/hr (Merd,
1991). Much of the produceitlid is evaporated to the atmosphere in the coolmgers of the pwer
plant, and only about 65% of the produced masgaigable for injection into the resair at anaverage
rate of 321,000 kg/hr (Méerd, 1991).

The Salton Sea geothermal system in the Imp¥eabey of southern California has presented some
of the most dficult problems in brine handlinyVater is produced from the resgeir at temperatures
between 300 and 350 and total dissgkd solid concentrations between 20 and 25% by weight at an
average rate of 270,000 kg/hr (Merd, 1991) When up to 20% of the mass of brine boils during
production, the salts are concentrated in the brine causing supersaturation with respecaltsdid
phases. Crystallizers and cfegr and thikener tanks are needed to @ solids from the injection
wate. Figure 7.8.3shows the fow stream for remval of solids from thevapor and brine (Signorotti
and Hunte 1992). Other pwer plants use the addition of acid twver the pH andkeep the solutes in
solution (Signorotti and Hunte1992) The output from the crystallizers and deis is a slurry of
brine and amorphous silicihe methods used taaater the salt and silica slurry from operations in
the Salton Sea geothermal system are described by Benesi. @99@ximately 80% of the produced
water is injected into the res®ir at anaverage rate of 310,000 kg/h
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Defining Terms

Binary geothermal plant: A geothermal electric generating plant that uses the geoth&uidaio heat
a secondary fluid that is therpanded through a turbine.
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Turbine
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pressure §>
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pressure
crystallizer
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Seed
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FIGURE 7.8.3 The flow stream for removal of solids from the vapor and brine in typical power plants in the Salton
Sea geothermal field. (Modified from the diagram of Signorotti, V. and Hunter, GeGtherm. Resour. Counc.
Bull., 21(9), 277-288, 1992).

Identified accessible baseThat part of the thermal energy of the Earth that is shallow enough to be
reached by production drilling in the foreseeable futiskentifedrefers to concentrations of heat
that have been characterized by drilling or Earth science evidence. Additional discussion of this
and other resource terms can be found in Muffler (1979).

Noncondensible gaseszases exhausted from the turbine into the condenser that do not condense into
the liquid phase.
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Further Information

Geothermal education materials are available from the Geothermal Education Office, 664 Hilary Drive,
Tiburon, CA 94920.

General coverage of geothermal resources can be found in the proceedings of the Geothermal
Resources Council’'s annual technical confere@@nthermal Resources Council Transacticarg] in
the Council’'sGeothermal Resources Council Bulletioth of which are available from the Geothermal
Resources Council, P.O. Box 1350, Davis, CA 95617-1350.

Current information concerning direct use of geothermal resources is available from the Geo-Heat
Center, Oregon Institute of Technology, Klamath Falls, OR 97601.

A significant amount of geothermal information is also available on a number of geothermal home
pages that can be found by searching on “geothermal” through the Internet.
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