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Abstract

The United Statebas a vast supply of coal, with almost 30% of world resgi@Bs 2008)and
more than 600 Gt (short)as remaining coal resources (Ruppert et28l02) The US is Bo the
worl ddés second hfterrChirsend anruallyadrodyces endraiticaa twice as much
coal adndia, the third largest produc@P, 2008)

The reserves areoncentrated i few states, giving them a major influerme future
production.Historically many statebavealso show a dramatic reduction in recoverable coal
volumes and this has been closely investigafadrent recoverable estimates may also be too
high, especially if further restrictions are imposé&te averagecalorific vaue of US coals has
decreased from 29.2 MJ/kg in 1950 to 23.6 MJ/kg in 2867U.S. production moved to
subbituminous western csalAnnual Energy Review, 2007This has also been examined in
more detail.

This study also uses established analysis methodsom oil and gasproduction
forecasting such as Hubbert linearization and logistic cuntescreate some possible future
outlooks for US. coal productionln one casgthe production stabilizest 1400 Mt annually and
remains there until the end of tieentury, provided that Montana dramatically increases coal
output. The second cas&hich ignoresmining restrictions forecasts a maximum production of
2500Mt annuallyby the end of the century.
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1. Introduction

The American coal industry has a very long histgojng back tobeforethe 19" century. In
many waysone can say that the industrial revolution of thatéd Stateswas fuelled by coal
(Figure 1). Anthracite fom Pennsylvania quickly became popular as a household fuel in the
growing cities whenthe more usualfirewood was unable tomeet demand. The rich
Pennsylvanian coal fields were located close to big cities such as Philadelphéa major
railroads could asily deliver coal to the consumdy the 1830s, hard coal production passed
the Mt (short) mark (Milici, 1997), and continued to gr@alongsidethe development of
American industry and society.

Cities like Pittsburgh later became principal markets dbuminous coal, which as
cheaperthan anthracitebut generallycontainedless energygross calorific value ~30 Mdg
compared te-34 MJ/kg for anthraciteandmore impuritiessuch as sulfuRailway locomotives
and stationary steam engines becameomapnsumers inthe wake of industrializatign
subsequentlycoal output soared and before 1900 it doubled every ten yepr$9H; total
production oytut passed th&00 Mt (short) mark (Milici, 1997). The Great Depressiorof the
1930s reduced output td@ Mt (short) before it started to grownce morgMilici, 1997). By
199Q production broke the 100dt (short) barrier and currently remainscandthat level(BP,
2008)
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Figure 1: Historical energy use of the United Statesrir@635 to 2000 in million tonnes of oil
equivalents (Mtoe). Wood was replaced by coal in the end of the 19th century. Coal was the
main energy source until petroleum and natural gas surpassed it in 1950 respectively 1958.
Hydroelectricity has been stablet present output for many decades now, likely due to
socioeconomic constraints and environmental restrictions preventing development of new rivers.
Source: Annual Energy Review (2007)



Pennsylvania and threst of theAppalachian basin hay@oduced coasince before 1800
and the regionremains veryproductive. In many wayshe United Statesis a maturecoal
producerwhere the general geology is wkhown and the most promising regions discovered
and developeds well as the onset of losigrm declinen key producergMilici, 1996).

In 2006 around50% of U.S. electricity was generatedising coal (IEA, 2008) A large
share of the steel industwasalso coal dependengither directly as coking coal or indirectly via
coalpowered electric arc furnacéStubbles, 2000)The coal reserve is seemingly large and
many believe that coal will be able to provide thaited Stateswith energy security and powe
future energydevelopmentOne example ishow coaktto-liquids based on American cqdias
even beemproposed as an idé¢a reducedependence on imported oil and mitigate the effects of
peak oil Hirsch et al, 2005; Bunningand Obama2007) More dscussion about coab-liquids,
its feasibility and challengesan be found ivallentin (2008.

2. Aim and methodology

The aim of this article is tprovide an examination of thstorical trends in American coal
production and coal reserveaSoal is broadly divided into fourranks anthracite, bituminoys
subbituminousand lignite(Carpenter, 1988ASTM, 20(). There are many coal classification
systemsbutin this paper thenergy contenis seen as the most important factanthracite and
bituminous cal together form the higenegy hard coal class, while subbituminous coal and
lignite has essenergy cotentand may be called lownergy coals

Caal is a finite natural resource aadnodel for extrapolation of production curves of
finite resources s proposed by Hubbert (1956his model assumes that productitavels
begin at zero, before the productibas started, and emdt zero, when the resource has been
exhaustedln betweenthe production curve passes through one of several maxima. The actual
shape of the productioourvesmay vary, butthey areultimately limited by the recoverable
amounts of hie finite resourceHubbert (1956) proposed a bshaped curve for an idealized
production behavior, representing various stages of maturity, without givingeaagt
mathematicatlescriptionfor it. Later, he used the simple logistic functigHubbert, 59) and
developed his methodology even furtiidubbert, 1974)

Hubbert useda simple logistic curvebecause it had #heoretical basjsempirical
agreementvith a wide array of growth processes, well agmathematicasimplicity (Meng and
Bentley, 208). The theoretical foundation of logistic models stems from time sarialysis
where agrowth curve is limited by someaturation leve(Mohamed and Bodger, 2005; Carrillo
and Gonzalez, 2002Yhe derivative of the logistic curve, often better knowrthes Hubbert
curve, is frequently used in oil production forecastindts forecasting properties have been
closely assessed by others (Laherrere, 2000; Brandt, 2007).

Analysis of the simple logistic function, its derivatives and related curvedéas
performed by Cadon (2007) and Brandt (2007)he disadvantage of the logistic curve is its
symmetry,as empiricaproductiondatasometimes tentb be asymmetric in the pegeakregion
due to production enhancement techniques @otdntialreserve growthFor prediction ofthe
peak yearboththe simple logistic curve and the Hubbert curve deemed equally well suited
(Figure 2). Closer comparison of logistic curves, Hubbert cungesd Gaussian curves have
shown no preference for either curvBaftlett 2000; Patzek, 2008)No forecast method is
optimal and an array of various approaches should be used to establish a good picture.



We usethe same basic approach as Hubbert (19%9provide some possible future
outlooks. What matterseconomicallyare poduced volumes of cgabo discussion of future
production isof greater importance than the state of future resefves.single most important
parameter in this approach is the assumption about the ultimate resexveése maximum
amount that can bgroduced under the production curke order to show alternative outcomes
different assumptionef the upper limit will be usedOne case includes mining restrictions, as
included in the reported recoverable volumes, and the other case use only thealtechn
recoverability to estimate future coal productiBules against mining activities in or near water
streams or limitations for mountaintop mine waste dumping are examples of restrictions that can
make portions of the technically recoverable coal uiteMe for actual productigntherefore
affecting the upper limitn the model.
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Figure 2: Anthracite production of Pennsylvania fitted against both a logistic function and a
Hubbert curve using the cumulative historical prodlue and the proved reserve of 2006 as
ultimately recoverable reserves. The logistic/Hubbert production behavior can be seen very
clearly in this case and it is assumed that other states will follow a similar behavior in their coal
production curves as tlgealso are limited by some ultimately recoverable volumes. The
differences between the logistic curve and the Hubbert curve are overall small. The small peak
beginning in 1940s coincides with the Ldrmehse program for providing vast amounts of war
materid and goods to the Allies in Europe and later the war economy when the USA entered the
Second World War. Consequently it is seen as a deviation from ideal behavior caused by
politics. Data source: Milici (1997) and Quarterly Coal Report (1:2987)



In this paperthe sum of two logistic curves is used to fit historical data and forecast data
for possible future productiofiFigure 3). This makes it easier to isolate historical production in
the first curve, limited by the cumulative production, and kéepfature production, limited by
suitable estimates of future recoverable reserves, in the second logisticTeweveaethod does
not include any other constraints than production availabilityfacirslike CO, sequestration
requirementor sulfur congtaintswill limit future production outlooks evemore The method
used here can provide insight into the general -tengn flow of finite energy resources, but
perturbations caused by sudden and unforeseertereareconomic or political changes cannot
be predicted. Therefordong-term life-cycle projections should not be used as a substitute for
meticulous economic studies to forecast perturbations in coal production over the next few years
or decads (Milici and Campbell, 1997).
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Figure 3: Historical coal production of Pennsylvania and possible future production based on
logistic curves in two cases. The recoverable reserves case uses cumulative production plus the
reported recoverable reserves as an upper limit. The denavedtreserve base (DRB) casesise

the cumulative production plus the DRB, as defined by EIA (2006), as the upper limit. If the
current reported reserves are validt should be possible for Pennsylvania meaintain
production at current leveluntil 2080,whereas DRB allowincreased production similar to the

record levels of the 1910s. It should however be noted that the assumptions for the upper limits
have significant impact on the outcome and choosing realistic and reasonable recoverable

volumes is ofjreat importance. Data source: Milici (1997) and Quarterly Coal Report (1996
2007)



The logistic behavior can also be seen in many different countries that have passed their
peak coalEnergyvatch Group, 2007)As the best coal searagzdepletedmining became more
expensive and complicated, thus reducing the attraction of coal as an energy source. Studies have
already pointed out that the remaining coal reserves in the Appalachian basin are located in
thinner, deeper coal beds than those currently baiimgd (Milici, 2000; USGS Northern and
Central Appalachian Basin Coal Regions Assessment ,T2@01).

Depletion has proved to ken important factorin mining productivity and hence the
entire economic competitiveness of coal production compared ter athergy sources
(Rodriguezand Arias, 2008). The relationship between the levels of reserves, depletion and
extraction costs has been analyzed by others (Zimmerman, 1981; Harris, 1990; Epple and
Londregan, 1993, Pickering, 2008). Several studies al$e #tat depletion camake up for
technological progress in the industkyvernois, 1988RodriguezandArias, 2008). The overall
conclusion is that with increasing depletion of the best seamming costs increase and make
coal lessviable to consumersdue to risingprice Environmental regulations and social
acceptance are also factors influencing future production, but a comprehensive discussion of
them are beyond the scope of this study.

2.1 Coal data gathering

The historical production data useddés primarily from the Coalprod database, compbgd
the US. Geological Survey(Milici, 1997). It contains production data from 1800 to 1995
compiled from several state and federal sources such as U.S. Bureau of NUinezals
Yearbooks(19331976) anl U.S. Geological Surveiineral Resources of the United States
(1907 to 1926)See references in Milici (19979r closer description of the data sources.

After that data from Bergy Information Administration (EIApublications, such as the
Quarterly @al Report(19962007) or the Annual Coal Repo(20012007) have been used to
createa production series from 188007 for each state in thenited StatesAgreementwith
other sources fatotal US coal production, such as the BP Statistical Review ofldVEnergy
(2008) is good.

The reserve data has been taken from the mineral yearbookslhStH&ureau of Mines
together with various EIA publications and reppdasch asCoal Industry Annual (1994999)
andAnnual Coal Report2001-:2006) For reseres of the entire bited States some values have
been taken from sources such as Wérdver Conferenc€l924) World Energy Councili934
2007, and the German Federal Institute for Geosciences and Natural Resources1@GR
2007) A historical reconsuction of the evolution of the recoverable reserves from 1924 {6 200
and from 1950 to present, even sfayestate, could be made.



2.2 Coal distribution in the US

United Statescoal reserves are locatedthree differentareas(Figure 4). The Appalahianarea

is an importanproducerand production occurs ifPennsylvania, Eastern Kentucky, Maryland,
Ohio, Alabama, Tennessee, Virgineand West VirginiaThe Appalachiarareacontainsnearly

all the U.S. anthracite anmtiore thard0% of allestimated remverable reserves difituminous

coal (EIA, 2007) The largest Lb. reserves of coking coal are located in central Pennsylvania
and West Virginia.
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Figure 4. Geographical display of theoal-producing areas of the USA used instlstudy.
Actual coal production originates from coal beds not shown hedlepted fromCoal Reserves
Database (1997)

The interior area consisting of Arkansas, lllinois, Indiana, Kansas, Western Kentucky,
Louisiana, Mississippi, Missouri, Oklahoma anek@s, is the smallest produciageaby volume
(Annual Coal Repoyt2007). Texasand the Gulf Coast Plainontain vastCenozoiclignite
formations(Ruppert et a] 20@). One major issue witRPennsylvaniarcoal from this area is its
generally high sulfur@ntent, more than 2.5% (EIA, 1989). A more comprehensive overview of
the sulfur distribution within the lllinois basin, giving mean sulfur contents of3%% for
important coal formations, can be found in Hatch and Affolter (2002). For Iljiactgind D
000 Mt coal, of a total recoverable reserve of 32 000 Mt, is located deep and with a sulfur
content of over 2.5% (EIA, 1989). Because of the high sulfur content these coals are, at present,
generally replaced by coal from other areas with less sulfur.



The Clean Air ActAmendments 0fl990 (Environmental Protection Agency, 1990),
restrictingthe use of high sulfur coals in power stations, had a significant impact on the demand
for high-sulfur coalsmainly from the interior areandresultedin an inceased dependence on
low sulfur western coals (O'Brien, 1997). Further environmental regulations, such as the Clean
Air Mercury Rule (Environmental Protection Agency, 200&gre later proposed The
overturning of theCleanAir Interstate Rule and the Clea&ir Mercury Rule ly the United States
Court of Appeals District of Colombia Circuit (2008a,b), makes the future even more uncertain.
O b a maelv administration signalized that new rules would be draétadyhten the mercury
emissioncontrol instead opursuingappeals of th€ o u mulingsy{Cappiello, 2009).

The Powerplant and Industrial Fuel Use Act (1978) prohibited the use of natural gas in
new power plants and encouraged the use of coal, nuclear and other alternative energy sources.
The repeal othis act in 1987 set the stage for a massive increase in natural gas consumption, and
gas became viewed as an economically efficient and environmentally friendly fuel compared to
coal (EIA, 2005).This also influenced coal consumption patterns in the Ji8tates to a major
extent.

The westernareais by far the most productiveAnnual Coal Report, 2007 Some
bituminous coal is present, but most of ffreducingreserves are made up by subbituminous
coal and lignitgUSGS Central Region Energy Resourteam, 1999) The lowsulfur content
of coal from this region has made them attracéisea replacement for higgulfur coals(Tobin,

1984) Lower production costhave also beenotedasan explanation for the rise of western
coals (Ellerman et al., 2000)

3. Coal reserves and its evolution

The American coal classification system uses definitions that dstbenevhat from other

countries and organizations, suchtasWorld Energy CouncilA complete overview of the coal

resource classification systensedby the United States Geological Survegn be found in

Wood et al (1983). The U.S. Energy Information Administration (EIA) uses the definitions

listed below for reserves(EIA, 2006). A full discussion of coal resources and reserve
terminology as used bylA, USGS, and U.SBureau of Mines can be found in EIA (1998he

Acoal reserveo term used by EIA may better be
generally noproved by detailed drilling (American Association of Petroleum Geologiet])2

Demonstrated reserve base (RB) covers publicly available data on coal mapped to measured
and indicated degrees of accuracy, and found at depths and in coal bed thickness considered
technologically minable at the time of determinatioMining losses, technicaland other
restrictionsare not consideredThe DRB represents that portion of the identified coal resqurce

i.e. resources whose location, rank, quality, and quantity are known or estimated from specific
geologic evidencas defined byWoodet al (1983) from which reserves are calculated.

Estimated recoverable reservesover the coal in the demonstrated reserve base considered
recoverable after excluding coal estimated to be unavailable due to land use restriatimsis or
currenty econanically unattractive for miningand after applying assumed mining recovery
rateg. This category corresponds pooved reservesccording to BP statistics or the proved
recoverable reserves used by World Energy CoufafD7) EIA creates this category by
applying economic feasibility criteri@ctoring downwardrom the DRB. Closer discussions of
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how availability of recoverablecoal is estimatedby the USGScan be found in Carteand
Gardner (1989):ggleston et a{1990) or Luppens et al. (2@).

Reserves at active (producing) minegover the amount of in situ coal that can be recovered by
mining at presently active mines reporting to EIA. Nmmmercial enterprises and inactive
mines or formations are not included in this class.

Due to property ghts, land use conflicts and similanitations, only a certain percentage of the
DRB is available for production. Currenttiie EIA estimates tis percentage tde 50% (EIA,
EIA, 2007, but in 199754% of thetotal nationalDRB was deemed as recoveraliigA, 1997).
The percentage of the coal in the ground that has been considered as recoverable has changed
dramatically over time andjenerally a downward trend can be se@rable 1) For instance in
North Dakotaenormous quantities of lignit®erefound and intensive surface mining started in
the 1950s. The William J. Neil Electrical Generation plant near Velva began uwjiver
electricity to the grid and, at théime, it was the largest codired plant in the entire hited
States(North Dakota Blue Bok, 1989) New plants were constructed and in the 1960s local
government promoted massive development of the vast coal reseooes.inhabitarg soon

st at ed onetima harvest fio f might mdke the land unsuitable for agriculture and
substantiatesistance against coal minidgvelopedNorth Dakota Blue Book, 1989).

Hence, thecoal reserves of North Dakota were cut down from a recoverable reserve of
over 270 000 Mt irthe 1950s (assuming a recovery grade of 50%) to only 6239 Mt in 2006
correspnding to a@DRB of 8178 Mt (U.S. Bureau of Mines1950; EIA, 2007). This reduction is
truly spectacularMany factors includingeserve overestimations and new political regulations
to changes in reserve classifications and better geological understahtlegregions played a
role in this massive reductioRroduction and the depletiahiven decline it eventuallgausess
also a plausible explanation for some states (Mdicd Campbell, 1997)North Dakota is
however far from alonan showingsuch ahuge reduction of recoverable coal reserves.

In 1924 coal reserves of the UBereestimatedo be 3,838,657 Mt based onmanimum
thickness of seams, workable to a depth of 4000 feet from the surface, as 1 foot and between
depths of 4000 to 6000 fees & feet with 6000 feet regarded as the limit to workable depth
(World Power Conference, 1924). In 1936e same source states a recoverable reserve of
2,889,027 Mt{(World Energy Council, 1936)n comparisonthe recoverable reserve in 2006 is
only 6 % d what it was in 1924.

Whether this depends on past overestimation of the recoverable reserves, change of
classification systems over the decadesther factors is hard to tell. The important conclusion
is that the recoverable reserves have decreadestantially over time and the exact cause of this
is probably a multitude dhctors(Figure5). Political and environmental factors probably played
an important role, but a comprehensive discussion of the chabkend thereductions is beyond
this stud.



US average coal prices & recoverable reserve 1950-2005
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Figure 5: Average U.S. coal prices and recoverable reserves. The nominal price is given in
dollars of the day, while the real price is given in inflation adjusted 2@0@&rs per short ton. A
significant reduction in theecoverable reserves occurred in the 1970, despite concurrent major
increases in coal price. Since the 1980s the recoverable reserve seems to be more or less
constant. Reserve estimates for a given year is shown by a black diamond, while the black line
shows the interpolation for years without reserve data. Source: Coal Industry Annual (1994
1999), Annual Coal Report (202D06), EIA (1989), World Energy Council (192607) and

U.S Bureau of Mines Minerals Yearbook (1935 6)

National Petroleum Counci2007) claims that the foundation (Averitt, 1975; USGS
1976) for assessment of American coal supply is also old and was systemized in 1974 by the
U.S. Bureau of Mines, implying that a more modern assessment is needed to create a reliable
estimate of the fwre coal supply. In retrospect, USGS primarily focused on resources, while
U.S. Bureau of Mines focused on reserve estimates. The U.S. National Academies (2007)
declared that current U.S. reserve estimates may be overstated and recommends that USGS
undertke a new assessment of domestic coal reserves and resources. The latest results and
updates of coal resources by the U.S. Geological Survey can be read in more detail in Ruppert et
al. (2002). In recent years, USGS has also performed a number of céabifityastudies, such
as Luppens et al. (2008) and USGS Northern and Central Appalachian Basin Coal Regions
Assessment Team (2001).
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Table 1: Estimated recoverable reserves state by state for the United StdtttsMany states

show large downward xesions since 1950, most notably North Dakota and Colorado. The
reserves for Kentucky include both eastern and western parts. Pennsylvania includes all coal
reserves, i.e. both anthracite and bituminous coal. Sources: U.S Bureau of Mines Minerals

Yearbook19501970), EIA (1989), Coal Industry Annual (1996), Annual Coal Report (2006)

State Recoverable| Recoverable| Recoverable | Estimated Estimated Estimated
reserves reserves reserves recoverable recoverable recoverable
1950 1960 1970 reserves 1987 | reserves D95 reserves 2006
Alabama 29,086 5,764 6,096 2,825 2,738 2,510
Alaska NA 42,924 59,005 2,457 2,421 2,569
Arkansas 697 1,100 1,097 170 207 207
Colorado 143,532 36,638 36,596 9,517 9,159 8,824
Georgia 412 34 8 NA 2 2
lllinoi s 75,133 59,139 63,191 32,105 30,816 34,453
Indiana 21,356 15,867 15,723 4,610 3,927 3,653
lowa 12,916 12,903 2,955 1,132 1,022 1,022
Kansas 7,962 9,411 8,971 606 620 617
Kentucky 54,169 30,402 29,633 14,356 14,749 13,413
Maryland 3,412 539 533 435 374 323
Michigan 99 93 93 NA 54 54
Missouri 35,764 30,294 10,587 3,527 3,494 3,489
Montana 100,330 100,564 100,560 64,935 68,391 67,949
New Mexico 36,045 30,602 27,877 2,836 7,452 6,319
North Carolina 49 50 50 NA 5 5
North Dakota 272,092 159,082 159,053 6,780 6,553 6,239
Ohio 46,749 19,143 18,858 9,629 10,630 10,402
Oklahoma 24,790 1,504 1,492 830 740 724
Oregon NA 88 19 NA 8 8
Pennsylvania 33,217 32,151 31,512 11,167 11,358 10,602
South Dakota 280 921 922 251 251 251
Tennessee 11,346 862 1,187 475 445 414
Texas 14,004 6,749 4,950 9,991 9,124 8,609
Utah 42,158 11,993 14,616 3,146 2,722 2,449
Virginia 9,295 4,848 4,458 1,459 1,236 712
Washington 28,845 28,759 2,804 734 661 618
West Virginia 50,193 47,128 45,882 19,156 17,85 16,161
Wyoming 54,806 57,493 54,742 39,306 41,189 36,418
Other states 7,417 2,091 2,141 533 315 283
U.S.A. Total 1,116,153 749,137 705,610 242,966 248,488 239,297
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To conclude one can see that the recoverable reserves have been constardgdredu
over the decades, despite new technologies and periods of increased coal prices. In agreement
with the findings of Livernois (1988) and Rodriguez and Arias (2008), one can thereby state that
depletion has offset much of the gains that technologicaress hagproduced The reason for
this is simple. The coal seams get more and more complicated andhl@nsive to mine due to
depletion, resulting in higher production costs while new technologies and mining methods
reduce the mining costs to someesit

Land-use regulations, various lansuch asdderal lavg that prevent miningiear homes,
public buildings or federally funded highway$Eggleston et al. 1990)and environmental
conventions are also likely to have played a role in the disappearhtioe wast recoverable
reserves over time. Mining subsidence damage is a main fact@oal mining restrictions
beneath existingpuildings (Guo et al 2007). Withan increased number of houses, rqaatsd
other buildingsit is reasonable to assume thlits has prevented coal mining in some areas.
Smog and particle emissions are another prolileahhas led to restrictions affecting coal. A
strong connection between air quality regulationsl demand for lowsulfur coal has been
observed by others (Tahi 1984 O'Brien, 1997. However it is beyond the scope of this study
to investigate mining subsidence, ecological impactdsocialacceptancen any detail.

The impact on water and effects on vegetation is another important topic, especially in
thoe places where agriculture and coal mining clash. These probiehsle acid mine
drainage, acid rain, Hg and other pollutarfienilar issueshave beercarefully discussed by
others (Larserand Mann, 200% Blodau, 2005 The impact of coal mining, primér surface
mines, on animals, local wildlife and vegetation has leesstigatedby various studies (Knotts
andSamuel, 1981; LewiandS mo | i &s Kk i 2 0007. Consequenilynceeisedacare
for protection of wildlife and biological diversityas probably decreased the areas available for
coal mining angdthereby also the recoverable reserves.

Better geological understanding is also a reasonable explanation for the massive
reductions of the recoverable reserves. Incomplete data, geologar#tions and
generalizations of mining methods have been proposed as factors for discrepancies.$ the U
coal assessments (van Rensburg, 1982). The resource assessments are of course important, but
when it comes to reserve estimations both economichiegulatory considerations must also be
included. The amount that actually can be recovered is far less than all the coal that is
geologically available and this distinction should alwaysdted

In reviewingthe historical evolution of coal reseryeme can state that the trend here
does not point towards any major increases in available recoveesblwesrather the opposite
is truedue torestrictions and increased focus on environmental irsgemtn coal extraction.
Although technological advaes and changes in economic conditiomeve irfluenced coal
reserves, utilization is, and will continue to be, the largest factor in coal depldtien
development of new even stricter regulations and environmental laws isa absasonable
assumptionard this will further limit the amount of recoverable coal. A major relaxation of
mining restrictions or regulations is not consideelit would be out of line with the historical
trends. Thus, thecurrent coal reserves can be viewed as a reasopaiy for remaining
recoverable coal volumes the future This also implies that the present recoverable resamnees
a useful and maybe even optimistigpper limit for models of futurproduction.
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4. Coal production

The Appalachiarareais historically he most important producer in thenitéd States The
cumulative production of the Appalachian region accounts for more than 63% ofShtetal,
with the other regions slightly below 204lilici, 1997). Production from the wsternarea i.e.
the state of Wyoming and the Powder River Basims currently growing very rapidly and
accounts for around 40 % of total3Jcoal productionAnnual Coal Report, 2007The clean
coal from Powder River Basin is mixed with highlfur coals to meet air quality regutats.

US coal production has been dominated by a few productive states. The most important
states are PennsylvaniakKentucky (eastern) West Virginia, lllinois, West Kentucky, Texas and
Wyoming, since these states are the only ones that have ever prodoieethan 50 Mt of coal
annually(Milici, 1997). Together these seven states account for over 75% of the cumulative coal
production of théJnited Stateswith Pennsylvania as the most important contributor with nearly
25% (Figure 6). By the beginning ofthe 1820sPennsylvanigoroducedover 75% of the total
U.S. coal outpuiMilici, 1997). Today its share is only around 6%.
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Figure 6: Share per state of the total cumulative production of the United States in descending
order starting from Pennsylvania. The three states Pennsylvania, West Virginia, and Kentucky
from the Appalachian area accounts for over 50% of the total cumulative coal production.
Wyoming, with is over 10% share, accounted for 40% of the current U.S. ctplibly volume

in 2007.
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4.1 Appalachian area

In the Appalachianarea many of the states show typical post peak production behavior.
Pennsylvania, Virginiaand East Kentuckgoal production is in declinaVestVirginia is not.
Most other statesdve a low production levelnd low recoverable reserveBo concludethis
basinis a mature region and showshavior typical for mature oil arghs producing regions.

The Appalachiarareahas been able to maintain more or less stable production bmce t
beginning of the 20 century (Figure 7). Increasing production costs due to depletion and
difficulties in keeping up wittdemand have been characteristics for this basin in recent years
(Milici, 2000). The highest quality and thickest co&lave alread been found and exploited,
leaving those seantkat are of lower in quality, thinner, and more difficult to mifilee ultimate
decline for thisareais may be in the near futureydicated by depletion of the major producing
beds (Milici and Campbell, 199 Milici, 2000), perhaps as soon as a few years to a decade
depending on the economic conditions

Production of the states in the Appalachian area 1800-2007
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450 | l

400

350

300
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Annual production [Mt]
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W Pennsylvania B West Virginia M East Kentucky B Maryland

M Ohio H Tennessee [ Virginia [ Alabama

Figure 7: Share per state of the total cumulative production of the United States in descending
order starting from Pennsylvania. The three states Rdwasia, West Virginia, and Kentucky
from the Appalachian area accounts for over 50% of the total cumulative coal production.
Wyoming, with is over 10% share, accounted for 40% of the current U.S. coal output by volume
in 2007.

Another way of disfaying the production behavior of the Appalach&ameais to use a
technique called Hubberinkarization. This method is based on rewriting the Hubbert equation
and obtaining a linear relationshiwhich more easily can be extrapolated to estimate ukimat
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reserves(Brandt, 2007). It should be specifically noted that this method places cumulative
production on theJaxis, not year. The displayed years are only shown to retain a connection to
the actual time scale and show when in time particular trendgede

One can find two different trends in the Appalachian coal produ@gure 8). The first
trend coinciding with the rapid expansion of productistartedin the 1830sand was steady
until early 1950s when the second trend emerged. The secoddcar be seen as a prolonging
of the plateau phase where new mining methods, such as the controversial mountain top removal
mining, have bee used to allow production fromemaining unexploited seams. This change in
trends coincides with the reductionsre€overable reserves discussed earlier in this study.
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Figure 7: Hubbertlinearized plot of the coal production from the Appalachian basin. Two
different production trends can be seen. The first one started in 1830 anduedntintil 1950s,
pointing towards an ultimate recoverable reserve of 30 Gt. The other trend started in mid 1950s
and is a much flatter trend, pointing towards very high cumulative production. However, it
should be noted that extrapolation of a very flantt seldom leads to reliable results as a small
difference in gradient can give enormous differences in ultimate reserves.
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4.2 Interior area

Theinteriorareadisplaysa similar behavior with a small number of dominating stéfegure 9).
The most impdant one is lllinoiswhich hasboth vast reserves and significant leveligtoric
production Several of the states in this region contain mostly ligsiteh aslexas Louisiana
and Mississipp Today the entire region seems to be in decline mvatdvels of production.

The high sulfur content, with mean values 0f-2.9% for importantllinois Basin coal
beds(Hatchand Affolter, 2002), makes them presently unattractimstallation of S@-controls
by utilities would allow these coals to baseer usedThe future fate of cogbroductionin this
area is closely connected to the development of regulations or technologies farselgarof the
high-sulfur coals.Gulf Coast lignites do not have as high sulfur content as lllinois Basin coals,
andmay be seen as an exceptiorhe interior area

As in the case with the Appalachian Badwo different trends can be seen for the
interior region in a Hubbert linearized plot (Figure 10). The first pioneering era of coal
production and its trend o®e to an end in the 1940s and was replaced by a much flatter trend
that has remained steady since 1940s.

Figure 8. Coal production of the interior area. The area has been historically dominated by
lllinois, but after 1990 whethe Clean Air Act was introduced the demand for its {siglfur

coal decreased and so did its production (Tobin, 1984). Western Kentucky, Indiana, and Texas
are other major producers in this area, but since 1990, the output of most states has declined.
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