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Abstract

Coal is the bulwark of US energy production makimpgabout a third of all energy produced and
about half of its electricity generation capacdyer the last decade. Current energy policy in the
Unites States assumes that there is at least argasftcoal remaining within the nation that can
be produced at the current rate of consumptions @ksumption is based on the large reported
coal reserves and resources. We show that, inproducing regions and nations, historically
reported reserves are generally overestimateddmpstantial magnitude. We demonstrate that a

similar situation currently exists with US reserviége forecast future US coal production, in
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both raw tonnage and energy, using a multi-cydgidtic model fit to historic production data.
Robustness of the model is validated using prodndatiata from regions within the US, as well
as outside, that have completed a full productignlec Results from the model indicate
maximum raw tonnage coal production will occur iinae window between the years 2009 and
2023, with 2010 being the most likely year of s@cmaximum. Similarly, energy production
from coal will reach a maximum in the years betw2603 and 2018, with 2006 the most likely
year of maximum occurrence. The estimated energyatle recoverable reserves (URR) from
the logistic model is 2750 quadrillion BTU (2900)Evth 1070 quadrillion BTU (1130 EJ) yet
to be mined, while the estimated raw tonnage URR2 billion short tons (112 Gt) with 52
billion short tons yet (47 Gt) to be mined. Thistda value is merely a fifth of the long held

estimate of 259 billion short tons (235 Gt).

Keywords: logistic model, coal reserves, coal patidun forecast, peak coal, USA energy, non-
linear fitting



1. Introduction

1.1 Coal, Carbon Dioxide, and Climate

Coal is a prominent non-renewable fuel composedtlgnos carbon and hydrocarbons (EIA,
2013b). Coal has been an increasingly importantggnsource for the United States and the
world since the industrial revolution (HO6k et &Q12). Of the major fossil fuels, coal, oil, and
natural gas, it is coal that is the most carboensive (W. Moomaw, 2011). Due to its long term
use and high carbon intensity, coal has introduzddrge amount of carbon dioxide to the
atmosphere. The effects of atmospheric carbon digorn the Earth’s climate as a greenhouse
gas and its connection with the burning of coalvee# known. The Intergovernmental Panel on
Climate Change (IPCC) has stated it is very likbigt most of the observed increase in global
average temperature since the mid-20th centuryus t anthropogenic greenhouse gas
concentrations (Arrhenius, 1896; IPCC, 2007). TheQHorecasts several scenarios for coal and
other fossil fuel production profiles as inputs fiweir climate models (IPCC, 2000, 2007).
Forecasting relies on accurate estimates of renmpicpal reserves as well as reasonable
estimates of the shape of the future productiorfilpréo know how those reserves will be
consumed over time. Current IPCC scenarios haven lgicized for using unrealistic
production profiles (H66k and Tang, 2013; Patzek &rvoft, 2010; Rutledge, 2011a). The
critical role of coal is understood by noting tlagproximately 164 billion metric tons or 44% of
all historical carbon dioxide emissions from the fdSsil fuel consumption came from US coal
(EIA, 2011b, 2012d, 2013a).The US has the largepbrted coal reserves of any nation,
containing approximately 28% of the world’s repdrteserves (BP, 2010), though it is possible
that this percentage is inflated from the inacairaporting of China’s reserves (Wang et al.,

2013). If the US reserves are accurate, theiraettm and combustion would amount to an



addition of 544 billion metric tons of carbon didri to the atmosphere (EIA, 2011b, 2012f,
2013a), which would be about 45 times 2013 globaiksions! Over the past ten years the US
has on average emitted 2.077 billion metric tonsawbon dioxide per year from the use of coal,
which is approximately 17% of the average totabgleemissions (EIA, 2014a). Emissions from
US coal consumption have historically made up alde portion of overall global emissions,

and can be expected to have significant contribputicthe future. It is therefore an imperative to
forecast future US coal production accurately. TiBisiot only necessary for the purpose of
accurate climate modelling, but also needed becenaskis fundamental to the world’s current

fulfilment of electrical energy demand and indwstgrocesses.

1.2 Coal in the USA

Coal has on average provided 31% of all US enemysumption and 48% of electricity
production over the past ten years (EIA, 2012b,Téls makes coal the largest source of
electricity in the US. Electricity is vital to modeday civilization in the US, as it has been
integrated into almost every aspect of modern em lighting and refrigeration to water
treatment and health care, without electricity soriety cannot function. In addition to being the
largest source of electricity, coal also produdesrmhost inexpensive electricity of all the fossil
fuels (EIA, 2013c). Given that almost half of USedlicity is produced from coal, any
unforeseen decreases in the coal supply to eladtites will have significant economic and
social consequences. In addition to being an inapbrénergy source for electricity generation,
coal is utilized as a raw material in industriapbgations. Approximately 5% of the US coal
produced is used for activities other than powemegation (EIA, 2014b). The largest and
perhaps most important use of coal as a raw mhbtena the production of iron and steel. Iron

and steel are the most widely used metals in theakk$ the world, comprising 95% of all



tonnage of metal produced annually (USGS, 2014ah and its alloys are integral parts to
almost all industries. Iron production from ironearequires large quantities of coke, which is
derived from coal (WCA, 2014). In the US, approxietp 40% of steel is produced in blast
furnaces, requiring coal-derived coke, with the aenmg 60% produced from recycled steel in
electric arc furnaces (AlISI, 2014). The importanéecoal to iron and steel production is even
larger on the global scale, with 70% of the worldteduction requiring coke (WCA, 2014). A

decrease in the supply of metallurgical coal fortah@roduction would have as large of an

impact to society and the economy as would a dsergaelectrical production from coal.

1.3 Aims and Scope of Study

In this study, we performed a detailed analysisthedf status of US coal production and
forecasted future production using a multi-cyclogistic model. The model was fit only to
historic coal production data. This has an advantagr one-cycle logistic models that are fit to
reserves as well as historic production data, lsxdhe fits are not restricted by potentially
biased or inaccurate reserve data, which can skswits. We emphasize our approach uses only
historic production data which is reliable, whil&ckiding any consideration of unreliable
reserves data. Others have noted the unreliaklityeserves (Glustrom, 2009; H60k and
Aleklett, 2009, 2010; Rutledge, 2011a; Zittel amthifdler, 2007a) and have used modelling and
forecasting techniques that do not rely on thentzgkaand Croft, 2010; Rutledge, 2011a). The
validity of the multi-cyclic logistic model fits we rigorously tested using production data from
several regions that have completed a full produactiycle. Using these same regions, we also
explored the historical accuracy of reported reserand discovered a general pattern of gross
over-estimation of reserves. Our tests indicate tth@amulti-cyclic logistic model is more robust

in predicting future coal production profiles thaxtrapolating production from reported



reserves. In addition the model produces compareddalts to previous studies of US coal
production. See sections 3.2, Sensitivity Testsviear of Peak Production and 3.6, Comparison
to Previous Results. Our results reveal that US poaduction will peak in the near term i.e.
within a decade at the latest. The total US reseave estimated to be a fifth of generally quoted
estimates of over 200 years of supply at currewidyction levels. Both predictions have
profound implications for the future scale of (ljntate change potential and (ii) industrial

activity of the US and the world.

2. Methods

2.1 Forecasting and Prior Work

Forecasting future coal production and the lifetiofereserves has been of interest both
historically and of late, due to coal’s importartoesociety, the economy, and more recently,
climate change. Some of the earliest work on thecfasting of coal production, with emphasis
on the United Kingdom, can be credited to Willia®nley Jevons in 1865 (Jevons, 1865).
Early forecasts of US coal production were compleby United States Geological Survey
scientists Campbell, Parker, and Garnett betwe@8 &8d 1917. Garnett predicted that all of the
easily accessible coal in the US would be exhaulsyed040, and all coal exhausted by 2050
(USGS, 1909). Similar conclusions were reached bhyngbell and Parker (Campbell, 1917;
USGS, 1909). The understanding of the nature aadesbf minable energy resource (i.e. coal)
production profiles was advanced by M. K. Hubbarthe 1950s (Hubbert, 1949, 1956, 1969,
1976) whose work provides the basis for the conogfppeak coal’, where production reaches a
maximum and begins a terminal decline on averape.general form of the production profile

is bell shaped, though it is not always symmetBarfli, 2005). Recently, there have been



several studies and commentaries on forecastinglwoal production that utilize the concept of
peak coal, including: (Zittel and Schindler, 20Q7Johr and Evans, 2009a), (Patzek and Croft,
2010), (Heinberg and Fridley, 2010), (H66k et 2010), and (Rutledge, 2011a). These studies
have used various techniques to predict possildyation scenarios which include: logistic
production growth fitted to estimated remainingerees (HOOk et al., 2010; Zittel and Schindler,
2007b), an individual mine production level modetarporating supply and demand (Mohr and
Evans, 2009a), multi-Hubbert cycle fitting to st production data (Patzek and Croft, 2010),
and logit and probit transform fits to historic guztion data (Rutledge, 2011a). The results of
all of these different methods have been remarksiohylar in that they all suggest that there is

significantly less coal available to the world thraported reserves and resources would indicate.

There have also been studies that focus only acésting production of individual countries
with significant production, namely China and th&.Urorecasting of future Chinese coal
production has been done by (Tao and Li, 2007)(aimdand Liu, 2010). Both studies resulted
in similar predicted peak years for Chinese producbetween the late 2020s and early 2030s.
Studies specifically related to US production haeen done by (Glustrom, 2009) and (H66k
and Aleklett, 2009, 2010). Glustrom completed aailst mine-level analysis of the Powder
River Basin, in Wyoming. H66k and Aleklett dividélde US into three coal producing regions
and used Hubbert linearization and logistic and @enz curve fits to historic production data,
as well as, reported reserves, to forecast thenailé recoverable reserves and the timing of peak
production. They concluded that the US would likedach peak production by 2030 unless
significant development of reserves in the stat®lohtana occurred. Based on their analysis the
current US reported reserves will likely not be pdetely realized in the future, and hence likely

overstated.



2.2 Model Description

A method for predicting the production profile ofiaite extractable energy source, such as
coal is the multi-cyclic logistic model (Al-Fattadnd Startzman, 1999, 2000; Nashawi et al.,
2010; Patzek and Croft, 2010). Its single cyclesier is historically well known in mining
(Bardi, 2005; Hubbert, 1949, 1956, 1969, 1976)wall as, in other areas such as population
dynamics and ecology (Lotka, 1910; Verhulst, 18%¥%¢. describe here its basic assumptions and
resulting production profile and apply it to dafals coal production in the Results section. In
the next section, 2.3, we discuss limitations amastlerations that must be taken into account
when using the multi-cyclic logistic model. L&€t) be the cumulative quantity of coal mined at
timet. Let B(t) be the quantity of coal remaining below grountirae t. The basic assumptions
of the logistic model, for non-renewable energyaoction, may be expressed mathematically by

two simple state equations of a first order nordimgystem:

A(t) = —B(t) andA(t) = KA(t)B(t), Eq. (1)

wherek is a constant. A dot over a symbol denotes diffiaéion with time. The first of these is
an equation of continuity. It signifies the assuimptthat the quantity of coal mined adds to the
above ground quantityd(t), while simultaneously subtracting an equal qugritibm the coal
below ground,B(t). The second equation states that the rate of ew@hcted is linearly
proportional to two types of quantities: the amooftoal below groundd(t), and the quantity
already mined A(t). Of these, the first proportionality is easy toderstand as the mining
activity is proportional to the reserve ba$dt), available. The second is more subtle. It
represents a monotonic relationship between thetdoe energy sources and the scale of the

economy. The scale of the economy in turn depemdthe historically mined energy source



already in existence\(t). Thus, the rate of production of coAlt), becomes proportional to the

cumulative productionA(t). Now, the system in Eq. (1) may be analyticalllved to obtain,

A(to)+B(to)
40

A(t) = 20q [1 + tanh [%]], giving A(t) = gsech? [%], whereq =

T=ty,+0oln [igi] ando = [k(A(ty) + B(ty))] ™ Eq. (2)

The time,t,, is the initial time, the initial energy input taine coal isA(ty), which is also
related to the size of the economy when societynsemining coal, and finally, the minable coal
reserves ar@(t,). The curve forA(t) vs.t from the system in Eq. (2) is a bell shaped curve,
which rises exponentially in the beginning, flageand then decays. Thus it displays a peak, or
maximum, in production. This model can be fit tsthrical coal data of individual mining
regions in the US and other coal producing regibnsughout the world. The agreement of the
fitted equation to the general bell shape of the moduction data gives credibility to the

assumptions in Eq. (1).

For analyzing large spatially separated coal basitmistical analysis based on Egs. (1) and
(2) needs to be carried out for each individualae@gnd the production profiles summed. This
model is called the multi-cyclic model. Such a madeappropriate where the extraction of coal
in disparate regions becomes decoupled and indiVidoal basins act within their own
individual logistic model. Parts of the US were pdrserially, instead of simultaneously. Such a
model is necessary to analyze their productionilesofit is also applicable where production in
a single basin is undertaken sequentially in déffiérmines as opposed to being pursued
concurrently in every sub-section. Each of thesb-sgctions then undergoes a separate,

generally, bell shaped curve for its production.péanted out by (Bardi, 2005), the curve is not



necessarily symmetric. The multi-cyclic logistic deb is also appropriate when social or
political events change the relationship (i.e. gegam the k constant in Eqg. (1)) between the
quest for energy sources and the scale of the exgn@sulting in the start of a new cycle. The

model may be described by the following set of ¢iqua:
n t—T1;
A = Bi-,; Qi (O, whereQ;(t) = 20;q; |1+ tanh [
yielding, A(t) = XL, q; sech? [<=22]. Eq. (3)

Here 1, 0;, q; are fitting parameters having an interpretatiomilsir to their corresponding
analogues in Eq. (2) for each individual miningioeg. The total number of maxima in these
curves is n and hence denotes the total numbesalfasins that were mined sequentially in a
given region. These equations give the cumulativantity of coalA(t) and the instantaneous
production, A(t), which shows the growth and decline of coal préiduc The valuei(oo)
provides an estimate of the total coal that magnbeed, or ultimate recoverable reserves (URR).
In this study the URR is a fitting parameter tteathus derived from historical production data,

A(t), and not taken from reported reserves from hisabdatabases. It can be obtained by,
URR = [~ A()dt = 3, 40:q;. Eq. (4)

We have applied the solutions in Eq. (3) to hist@ricoal production data from five
geographical regions within the US and consequédatthe entire US. Our analysis provides an
estimate, by region as well as for the entire USthe quantities of: (i) ultimate cumulative
production A()), (i) maximum yearly production of total raw ccahd the year it occurs, (iii)

the rank and quality of coal. Combining (ii) and) (&and using a heat energy value associated

10



with each rank of coal we obtain (iv) the quantifymaximum yearly heat energy production
from coal and the year it occurs. To test the iigitg of our analysis to our modeling approach
we have analyzed production profiles of twelve ctatgal coal production cycles. A mining
cycle can be defined as the initiation and incredggroduction to the reaching of its maximum
and its subsequent decline and end. Of these tvegisles, two typical examples are presented.
The first cycle is for a single country, the Unit&thgdom. Here the cycle of mining coal is
nearly complete. The other cycle is for the minioig anthracite coal in the US state of

Pennsylvania.

The ultimate recoverable reserves (URR) are defagethe total amount of coal that can be
mined from a specific geographic area. This uppmait Ican be reached due to a variety of
factors. For example, all of the coal in the regooild be mined to exhaustion, or the coal that
remains in the ground is too expensive, either rtasite or energetically, to be extracted. The
URR is generally estimated by the reported coakrkes for a region combined with the
cumulative (total) amount of coal that has alred#en mined from that region. Reported
reserves can change over time for a variety oforgasReserves can be depleted, new reserves
can be found, reserves could have been over orr watienated in the past and be updated, or
changes in energy and environmental policy canctaffeported reserves (H66k and Aleklett,
2010). Estimates obtained from fitting productianfles to smooth fits to Eq. (3) often differ
from reported reserves. To quantify this over ademestimation of reserves from predictions of
the logistic model, we define a quantity calledtirated error in URRSURR%(t) at timet. It

is defined by the equation:

AURR

C(t)+R(t)-URR]
URR

(100%) = [ RO EUR(t)-URR

SURR%(t) = (100%) = EEO-UEE (1009%). Eq. (5)
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Here C(t) is the cumulative production of coal as of yeaacomputed from past reported
production figures, R(t) are the reported reserves at yeakUR(t) is the estimated ultimate
recovery and is the sum 8{t) and C(t), andURR is the total coal mined when reserves have
reached zero theoretically and production has cdedd9ge URR is obtained by fitting Eq. (3) to
the production data so thHRR = A(w). We note the difference of our approach to compute
URR from other methods, (HO0k and Aleklett, 20091@; Zittel and Schindler, 2007b), where
URR is obtained from different independent methotiseserves determination. For regions
where the mining cycle has neared completion tbg.United Kingdom, France, Japan, and
anthracite coal in Pennsylvania), it is possibledaermine if reported coal reserves in that
region were historically over or under estimatattsitheURR can be calculated directly from
the historic production data rather than be geedrfom a fit of Eq. (3). IBURR%(t) > 0 it
implies that the reported reseniR&) are higher than the theoretical expectation fram B).
Likewise, if SURR%(t) < 0 it implies thatR(t) are lower. If the reported reserves match the

theoretical estimate théifURR%(t) is precisely zero.

2.3 Considerations in the use of the Multi-Cyclimgistic Model

The multi-cyclic logistic model has been used teatlibe and forecast the production profiles of
a variety of non-renewable extractable energy ssustich as oil, natural gas, and coal (Al-
Fattah and Startzman, 1999, 2000; Nashawi et @L.0;2Patzek and Croft, 2010). As with the
application of any theoretical model it is impottam be aware of its limitations. As was stated
previously, the multi-cyclic logistic model is appriate to use when historic data does not
follow a single logistic cycle. Deviations of a praction profile from the theoretical single cycle

can be due to a variety of reasons (e.g. econolyidatoupled coal regions, wars, depressions,
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regulations, etc.) It is evident from the histogooduction data that these disruptions have
occurred in the past and can be expected to hapgee future. The multi-cyclic logistic model
can only attempt to forecast the future productuofile of the last incomplete cycle. For
example, US coal production has gone through tvemlymtions maximums in the past and is
currently in a third cycle. The multi-cyclic logistmodel assumes that the third incomplete cycle
is the final one in the production profile. Therautd be future disruptions in production due to a
variety of factors, but predicting these fluctuasowould require clairvoyance. The model
provides the overall trends in future productionegi that there are not significant disruptions to
production. Each cycle of the multi-cyclic logisticodel is independent of the others, so the
production data is essentially segmented, reduttiegimportance of long term trends present
from earlier cycles in decline. This can be thougfhés a double edged sword. The reduction of
long term trends can potentially cause the muitiicylogistic model to forecast earlier peaks in
production and smaller URRs than single cycle nethélowever, this reduction in values of
the year of peak production and predicted URR égigely the point of the multi-cyclic logistic
model. It is a change to the predictions of sirgylele models that goes in the correct direction. It
partially decouples the most recent incompleteecy@m previous production disruptions and
trends that could skew results of a single cyclkdyais. Still, the multi-cyclic logistic model is a
curve fitting technique at its core, and one shdaddcautious in its use to ensure it produces

meaningful results.

The multi-cyclic logistic model has 3n free paraenst where n represents the number of cycles.
In principle it is possible to improve the fit dig multi-cyclic logistic model to historic coal
production data by increasing the number of cyces hence the number of free parameters.

This can result in statistical over-fitting of theodel to the data. Therefore, the “goodness of fit”
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of the model to the data is not a complete measiutiee model’s quality. A statistical likelihood
ratio test between multi-cyclic logistic models lwdiffering numbers of cycles fitted to the same
data can be used to justify the number of cyclesl jdnderson and Conder, 2011). We discuss
this in depth in section 2.5 Logistic Model Fittingnother issue of the multi-cyclic logistic
model is that it can potentially have a large nundfdree parameters. Increasing the number of
free parameters can reduce the accuracy of thedstteHowever, each of the parameters has a
well defined physical meaning that can be easityneded for complete cycles from a chart of
historic data. This allows for the parameters afyeeycles to be determined with a high degree
of accuracy. The fitting procedure is effectivegduced to the last incomplete production cycle.
It is always advisable to use only the minimum nemtf cycles needed to describe the data to

prevent over-fitting of the model.

Anderson and Conder provide a detailed discussiah aitique of the use of the model in
forecasting future petroleum production (Andersoid £€onder, 2011). Their discussions can
also be applied to other non-renewable extractabéegy resources, such as coal. The main aim
of this study is not necessarily to forecast futuf® coal production with a very high degree of
accuracy of single digit percentage level, buteatb study US coal production from a variety of
perspectives to draw overall conclusions of fupreduction. The multi-cyclic logistic model is

definitely useful as one of these perspectives.

2.4 Data Sources

Historic production data for the major coal prodhgciregions in the United States was
obtained from the United States Geological Survd$GS) COALPROD Database (Milici,

1997) for the years 1800-1995. Data from the US@®isted of yearly production quantities of
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coal, in units of short tofisfor all coal producing states in the US which diéded into five
regions: (i) Appalachian, (i) lllinois Basin, (iiGulf Coast, (iv) Great Plains, and (v) Western
coal producing regions. The Appalachian regionasgrised of the states Alabama, Georgia,
Kentucky, Maryland, Ohio, Pennsylvania, Tennes$#ginia, and West Virginia. The lllinois
Basin region consists of lllinois and Indiana. Thelf Coast region consists of Louisiana and
Texas. The Great Plains region consists of Nortkozaand South Dakota. The Western region
is comprised of Arizona, Colorado, Montana, New Mex Utah, and Wyoming. A second
source of data was the United States Informatiomiacstration (EIA) coal production database
(EIA, 2011a) for the years 1960-2008. Data afteD&8@vas omitted to provide a more
conservative fitting procedure. The worldwide eaoimocrisis starting in 2008 and the increase
in production of natural gas from hydraulic fragbgrin the US have reduced demand for coal.
This decline would bias the fitting procedure tedgict earlier peak production years and lower
URRSs. The omission allows for the fitting resutisgive more conservative forecasts of US coal
production as it would have likely proceeded basmedthe previous trend without these two
confounding components. The USGS production datan ft800 to 1995 was combined with
production data from the EIA database, for eachestéor the years 1996-2008. In the
overlapping years 1960-1995 both datasets agre#d esich other with a maximum error of
3.3%. In these overlapping years the USGS produateta was used. Thus a historic dataset,
from 1800-2008, of yearly production of coal in loih short tons was generated from the
combined USGS and EIA databases. There were sestt@s with some coal production
included in the EIA database that were excludedhftbe USGS long term database, namely

Alaska, Arkansas, Kansas, Mississippi, Missourg &klahoma. However, all of these states

& One short ton = 2000 pounds
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were observed to be in a post peak declining ptimlu@hase and had negligible production,
only making up 0.5% of US production, and henceewamitted from the analysis. The EIA
database further provided average energy contetdalfproduced in each state per year, in units
of million British Thermal Units (BTU) per shortrpfor all its years. This energy content factor,
converting raw tons of coal to BTU of energy, wasltiplied by each state’s production for
years 1960-2008. For years 1800-1959, the avermageyye content for coal produced in 1960
was used.The yearly production and yearly gross energy petidn of coal for each of the five
regions were then added to produce a yearly qyasftiproduction for (i) raw coal and (ii) gross
energy for the entire United States. Data from Meional Coal Resource Data Systems
(NCRDS) State Cooperatives Project (USGS, 2014k the rank of coal reserves in each state
as either anthracite, bituminous, sub-bituminoudignite. Each coal rank has an energy content
associated with it measured in units of million BpEr short ton. The energy content of each
rank of coal has a relatively wide range, so in@ possible determine the explicit energy
content from only the rank information. The enecgytent ranges of coal within each rank vary
enough that there can be overlap of these rangwgede the various ranks. Anthracite and
bituminous coals lie in an energy range of 24-3thwhe majority of the supply of the former
occupying higher values and majority of the supgdlyhe latter having lower values within these

bounds. Sub-bituminous and lignite coals have gneadues in the ranges of 16.6-24 and 10-

P |t is a historical observation in the state bytest&IA database that energy content of coal on
average remains relatively constant or decreasgistigl over time for a given state. This may
not be a general phenomena but it appears to beadeehere. With this observation we can take
a conservative approach and safely assume thay tisehenergy content value from 1960 in
earlier years to 1800 may slightly underestimatedbtual energy produced in these years, i.e.
1800-1959. The EIA appears to have used this mathtiteir database as well. In their database
all reported coal energy content values from edate dor the years 1960-1972 are constant
values.
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16.6, respectively (Schweinfurth, 2009). Coal rdrikm each state was classified as either
anthracite, bituminous, sub-bituminous, or ligniteing this database. The rank assigned was
checked to be consistent with energy content fgmtovided in the EIA database by confirming
that it lay in the range given for each rank ab{®ehweinfurth, 2009; USGS, 2014b). A yearly
production dataset was created for Pennsylvaniaragite coal production using the same
datasets and procedure as used for the regiondl&ndhtasets. A yearly production dataset for
the United Kingdom (UK) was created from yearly ¢wotion data in British Historical
Statistics (Mitchell, 1988), in units of million st tons and covering years 1830 to 1980. This
dataset was combined with UK coal production detenf1981 to 2008 from the BP statistical
review (BP, 2010). Consistency of values betweenttto data sets was checked between the

years 1980 and 1981, with the values differingdsslthan 2%.

Historic coal reserve data for the US, UK, and Rghmania anthracite coal were obtained
from the supplemental material in Refs. (Rutled?f#l1a, b). Historical production data for the
additional sensitivity tests performed on BelgiuRrance, Japan, the Netherlands, Portugal,
South Korea, Sweden, Taiwan, and the US statesofgi and South Dakota , as described in
section 2.6, was obtained from Refs. (EIA, 2011alicM 1997; Mohr and Evans, 2009b).

Historic coal reserve data for these additiondktesas obtained from Ref. (Rutledge, 2011b).

2.5 Logistic Model Fitting

The multi-cyclic logistic model, as given in Eq.),(3vas fit to the various datasets using a
nonlinear regression technique, described in tbdi@n. The function chosen for optimization
for this study was the sum of the squares of ther d6SE) between the multi-cyclic logistic

model and historic production data,
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SSE({a;}, {ti}, {oi}) = T2, [Q(ty) — A(ty; {ai}, {ti}, o]’ Eq. (6)

The historic production data is given in the f0|(rt], Q(tj)), WhereQ(t]-) is the coal production
in the yeart;. The total number of data points available forfihes m. A trial fit to this data set
with Eqg. (3) isAf(t]-; {qi}, {ti},{0;}). Thus SSE is only a function of the fitting paeters in
Eqg. (3). The values of these parameters which migirthe SSE, and are physically possible (i.e.
non-negative), produce the best fit of the multiwylogistic model to the historic production
data. The best fit was determined by computatigrfaiding the minimum of the SSE function.
This process consisted of assigning initial valteeghe fitting parametergt;, o;, q;}, and

iteratively changing the parameter values in thedtion of the negative gradient of the SSE

function until the gradient was effectively zereySSE = 0. It is possible that the SSE function
can have multiple minima. The initial values of fittng parameters were carefully chosen so
that the optimization algorithm would find the losteninimum. The number of cycles, in the
model, from Eg. (3), along with the an initial treet of fitting parameters;, o;, andq;, were
determined by visual inspection of the historicduction data. From the nature of Eq. (3) it is
clear thatr; are the time values at which maxima or peaks ofmuhe production in each cycle,
The values fon; are related to the production rates at the maxim@eak of production, while

o; are the measure of the width or sharpness ofuthees.

As stated previously in section 2.3, the “goodreddg” or SSE of the model to the data is not
a complete measure of the model’s quality. A diasiklikelihood ratio test between multi-cyclic
logistic models with differing numbers of cycletdd to the same data was used to justify the
number of cycles used in each fitting proceduree Tikelihood ratio test demonstrates whether

or not the decrease in the SSE of the fit is impdomore than would be expected by simply

18



adding more model parameters (Anderson and Cof0&4). The likelihood ratio test utilizes

the f-test. The f-statistic for the likelihood @test is described as,

_ (SSEl—SEEZ)/(3nz—3n1)

F SSEZ/(m—3n2—1) !

Eq. (7)

where SSE (or SSE) is the minimum SSE of the fit from model with (or n,) number of
cycles, where n> ny , and m is the total number of data points usedtierfitting. The degrees of
freedom for this test are 3fn,) and (m-3g-1). The p-value obtained from this test gives the
probability that the improved fit (i.e. smaller SS# the model to the production data, from the
addition of an additional cycle, is due to the eage of the number of free parameters, rather
than the model describing the data better. P-valees than 0.05 are generally considered

significant, corresponding to a confidence leved5%o.

In all a total of seven best fits were computece each for the raw tonnage and gross energy
content coal production of the entire US and fer ridwv tonnage coal production of the five coal
producing regions. The logistic models used inghé@s consisted of either two or three cycles.
For each of the seven best fits we tested for tterg using the likelihood ratio test. Each of
the seven fits were compared the best fit of ade;y2-cycle, and 3-cycle model to the historic
data of that coal region. All of the tests gavenafidence level of over 99% that model did not

suffer from statistical over-fitting.

In addition to the best fits, lesser quality fite. with SSEs larger than the best fit) were
found with peak years preceding and following tleakp year of the last cycle of the best fit
model for each of these seven data sets. Thesedits found by biasing the initial values of the

parameterssnal, Ofinal: @Nd gginal, for the last, incomplete cycle in the model, kattthe
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optimization algorithm could fall into a nearby &cminimum. The lesser quality fits were

restricted to having SSEs no larger than 10% oB8E of the best fit.

2.6 Sensitivity Tests

The sensitively of the fitting procedure to how &aproduction profile has advanced was tested
using data for twelve very different but near coet@lcoal production profiles, namely Belgium
(URR of 2611 Mt), France (URR of 4579 Mt), JapddRR of 2944 Mt), the Netherlands (URR
of 585 Mt), Portugal (URR of 27 Mt), South KoreaRR of 589 Mt), Sweden (URR of 29 Mt),
Taiwan (URR of 181 Mt), the United Kingdom (URR 26470 Mt), and the US states of
Georgia (URR of 11 Mt) and South Dakota (URR of f).NProduction for only anthracite coal
from Pennsylvania (URR of 5053 Mt) was also analyZe this article we highlight two typical
cases amongst these 12: (i) the total coal ptamuof the United Kingdom and (ii) only the
production for anthracite coal from Pennsylvania. dddition to the highlighted UK and
Pennsylvania anthracite, we include three figufesuo analysis for France, Japan, and Sweden
in Appendix A. These regions’ historic peak in puotion occurred later in the production cycle
due to the asymmetry of production profile. Howevére logistic model still provides
reasonable forecasting of their production profil@ur validation uses single cycle logistic
models fit to truncated historic production datar Fhis purpose we started by first fitting a
logistic model to the entire dataset and obtairtimg peak production value for this best fit.
Truncated datasets are created by taking data tihenstart of production up to the production
level corresponding to approximately 25%, 50%, 7&%d 100% of the best fit peak production
value. Best fit curves were generated using ondyttbincated datasets. This process illustrates
the accuracy of the logistic model’s forecastshas dctual production proceeds through time.

These fits were compared with the best fit modaifthe entire dataset.
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2.7 Reserves vs. Model

We computed theSURR%(t) for ten regions, namely, Belgium, France, Japdre t
Netherlands, Portugal, Sweden, Taiwan, UK, Penasydv anthracite, and US. We were
restricted to these ten regions as they had botdp term historic production data and long term
historic reserve data. We highlight the (i) UK gyl Pennsylvania anthracite regions as typical
cases, and analyze the (iii) US. For the entirethéSestimate@URR%(t) was generated using
the best fit model to calculate tlRR as given in Eq. (5), while for the UK and Pennayia
anthracite actual production data was used. Intiaddito the highlighted US, UK, and
Pennsylvania anthracite, we include three figufesuo analysis for France, Japan, and Sweden

in Appendix A.

For Pennsylvania anthracite, the theoretical remgineserves given by best fit modéRR
were compared to different varieties of recent Eéserve estimates (EIA, 2012f). The EIA
reserves estimates of “recoverable reserves atupmugl mines”, “estimated recoverable
reserves”, and “demonstrated reserve base” werdedi\oyURR from the theoretical remaining
reserves given by Eq. (3). These calculations preduwatios representing how many more times,
larger or smaller, the EIA reported reserves weamamared to our model estimates and will be

discussed in the results and discussion section.

3. Results and Discussion

3.1 Year of Peak Production

The results of the logistic model fitting for thenited States raw tonnage coal production from

year 1800 to 2008 are given in Fig. 1. In it, tgpabduction is subdivided into the relative
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components classified by their energy contentshraoite, bituminous, sub-bituminous and
lignite. Fig. 1 also displays the best fit logistitodel and the two fits of lesser quality, as
described in the previous section. The highestadmoals, anthracite and bituminous, have been
decreasing in production since 1917 and 1990 réispbc The production of lower energy
density coals, sub-bituminous and lignite, ard stdreasing. The highest total coal production
occurred in year 2008. The best fit logistic modeles 2010 as the year of peak total coal
production. The two other fits of lower quality b& for finding earliest and latest values for the
year of peak production, yielded the peak producyiears of 2009 and 2023 respectively. After
this peak occurs, sometime in this window of 20022 it can be expected that production will

continue declining on average.

The fact that the lower energy coals are contintingnake up a larger percentage of the total
US production, while the higher energy coals aidiag is not surprising. In energy extraction
it is typical that the sources that are easiesictiess and are of the best quality are the ones tha
are tapped first. It is only after the easy, higialgy resources are either depleted and declining,
or depleted and cannot support previous extractaiaes, that less desirable resources are
exploited. The major rise in sub-bituminous anahilig coal production occurred after 1969, in
part due to the introduction of the Clean Air Aadats associated sulfur emission regulations.
This production rise happened only after two magaks in production had already occurred in
both the anthracite (in years 1917 and 1944) ahdhianous production (in years 1926 and

1947). As the lower quality coals increased in pigitbn following 1969, anthracite production
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Fig. 1 United States coal production from 1800 to 200&dBction data from Re' (EIA,
2011a; Milici, 1997) The total production is subdivided into the relatcomponents classifie
by their energy contents: anthracite, bituminous-bituminous and lignite. The highest rank
coals anthracite and bituminous are decreasingadygtion since 197 and 1990 respectivel
The production of the lower energy density coal&-bituminous and lignite, are still increasir
The best fit 3eycle logistic model giving 2010 as the year ofkpeaal production is showi
Two other fits of lower quality bias for finding earliest and latest values for the yehpeak
production are shown, yielding peak production y&409 and 2023 respective

continued to decrease, while bituminous produciiameased at a rate three times less th
had before the tw@revious peaks in its production, in 1926 and 1<This slow down ir
production of high energy coal occurred duringraetiof significant increases in coal burn
power plant capacity and coal dem (EIA, 2012a; NETL, 2012)Such a slow down sugge:
that there was enough depbn of higl energyquality reserves to necessitate the productic
lower energy quality source&dditionally, environmental regulations on sulfunigsion: made
electricity production by the higher sulfur higharergyeasterncoals more expensi and less
attractive.lt can be expected that as the production of higimergy content coals continues

decline, lower energy coals will make up a largantipn of the US productic, unless significar
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legal or technological changes occur to allow fwréased production from some of the high
sulfur coal regions. This increase in lower enecggls is bound to negatively affect the total

energy produced from coal.

The energy contained in coal gives the most sigguifi measure of its utility. The cost of
production per unit of energy from coal (i.e. $/BTwill likely decide what coals are mined and
how they are used, however this is a secondaryuneaerived from the coal’'s energy content
and energy returned on energy invested (EROEl)wWilleevisit the EROEI concept in section
3.7. Over 80% of coal mined is used in electrieity heat production (NRC, 2007). Even non-
energy uses of coal, such as steel productionjreeigher ranked coal thus correlating with its
energy content. The amount of energy released bpamng coal is therefore a more important
guantity to measure than raw tonnage produced.'€Ceakrgy content provides a fundamental
physical limit on the usefulness of coal. This agptcmay not be true for individual power plants
or processes, which may be locked into a specype tof coal based on the combustion
technique they use; however, it will be true foe S as a whole. It is possible for the overall
energy production from coal of a region to reaslpiak before the coal raw tonnage production
peaked if lower energy content coals continued &ixerup a larger proportion of the total coal
mined. A peak in energy production from coal canundefore a peak in raw production also
due to decline in the saleable portion of the raedpction (Mohr et al., 2011). Not all coal
produced is of high enough quality to be sold ® &imd user-customer and some coal is lost in
the processing steps, such as washing. It applegtrain increasing proportion of lower energy
content coals is resulting in a peak in energy petidn from coal before a peak in total coal
tonnage in the US. The results of the logistic etddting for the United States gross energy

content of coal production from year 1800 to 2088gven in Fig. 2. It also displays the best fit
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logistic model and the two fits of lesser qualig, described in section 2.5 of the Methods. The
best fit model produces an energy URR of 2750 qlliadrBTU (2900 EJ), with roughly 1680
quadrillion BTU (1770 EJ) already extracted and A@uadrillion BTU (1130 EJ) yet to be
mined. The best fit logistic model gives 2006 as ykar of peak energy production from coal.
The two other fits of lower quality biased for find earlier and later values for the year of peak
energy production yield peak production years od®2@nd 2018 respectively. Thus logistic
model fits, of Fig. 2, suggest that US gross enexyent of coal production will or has already
peaked within the time frame of 2003 to 2018. Tikian earlier timeframe as opposed to the fits
from Fig. 1, which gave estimates of the peak ygaaw tonnage produced between 2009 and
2023. This is also borne out of the raw productiate from Fig. 1 and energy data from Fig. 2
of the latest 20 years from 1988-2008. From Figvelsee raw production has gone up from a
value of 0.9 to 1.1 billion short tons per yeamatba 25% increase, in 20 years, while the energy
content has gone up from 21 to 24 quadrillion BT&s pear, only a 15% increase, during this
time. These values are consistent with predictadribe best logistic fits in Figs. 1 and 2 with the

latter showing earlier production peaks than thentg.

Further insights into coal energy production mayolb¢ained by looking at the geographic
distribution of coal production. To explore the degence and robustness of the supply on the
spread of geographic distribution of coal reseweshave combined the energy content of coal
with the regional distribution of production. Ingri2, the energy production is subdivided into
the regions of origin. Fig. 2 clearly depicts thair of the five coal producing regions of the US
are in general in a phase of declining energy o though small fluctuations from year to
year do occur. The energy production profiles ef Appalachian, lllinois Basin, Gulf Coast, and

Great Plains regions have been in a decreasind sieane 1990, 1984, 1990, and 1994
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Fig. 2 United States gross energy content of qproduced from 1800 to 2008. Production ¢
from Refs. (EIA, 2011aMilici, 1997). The total energy productionssibdivided into the regior
of origin. The Western region’s contribution to ttedéal energy production is steadily growil
while the contribution from the four other coal guging regions has generally been decree
since 1990 and 1984 respectivelr the Appalachian and lllinois Basin regions anttei199(
and 1994 respectively for the Gulf Coast and GRdains regions. The best fi-cycle logistic
model is shown, which gives 2006 as the year ok geeergy production from coal. Two ott
fits of lower quality biased for finding earlier and latealues for the year of peak enel
production are shown, yielding peak production €403 and 2018 respective

respectively. Only the Western region’s contribatito the total coal energy product is
steadily increasing. The majority of the coal minedthe Western region is s-bituminous.
These coals have lower sulfur content than muckhefeastern bituminous coals. This fi
combined with the stricter sulfur emission reguas of the Clec Air Act, has in part increase
consumption of these coals. The increase of thetdkfesegion’s contribution to the total cc
energy production can be explained from the in@eégwoportion of the US coal producti
coming from sulbituminous coals, awas shown in Fig 1. As the other coal producingaes

decrease in production, the only way the US carease or maintain its current energy us
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Table 1. Parameters of best fit 3-cycle logistic models,Eof (3), for US coal raw tonnage
production (left two columns) and US coal energydoiction (right two columns) shown in Figs.
1 and 2. Also given are p-values for likelihoodadests for over-fitting between best fit multi-
cyclic logistic models containing between 1 to &leg. P-values give the probability that the
improved fit to the data of a logistic model witlora cycles over one with less cycles is due to
over-fitting. 1 minus the p-value gives the prolibihat the model with more cycles fits the
data better than the model with fewer cycles. Tafbyc a confidence level of 95% is taken as
statistically significant, corresponding to p-vaduess than 0.05. The p-value for the likelihood
ratio test between the 3 and 4-cycle logistic mditieko the production data gives values of 0.14
and 0.15 for tonnage and energy, respectively. 3inggests that applying a 4-cycle model to the
data would result in statistical over-fitting, aneince 3-cycle models were used.

Fitting Parameters for US Coal Production
Tonnage Energy
Parameters Values Parameters Values
o: (x10° short tons) 4.94 «qx10" BTU) 11.80
11 (year) 1918 11 (year) 1918
o1 (year) 10.00 o1 (year) 9.90
2 (x10° short tons) 3.02 Ax10" BTU) 7.20
T, (year) 1946 T, (year) 1946
o, (year) 3.05 o, (year) 2.98
s (x10° short tons) 11.40 «fx10~ BTU) 23.30
13 (year) 2010 13 (year) 2006
oz (year) 22.22 oz (year) 23.26
SSE (x10’ short ton§ 2.19 SSE (x18 BTU?) 1.32
p-value, likelihood ratio, 1 vs. 2 cyclgs <30| p-value, likelihood ratio, 1 vs. 2 cycles <310
p-value, likelihood ratio, 1 vs. 3 cyclgs <30| p-value, likelihood ratio, 1 vs. 3 cycles <310
p-value, likelihood ratio, 2 vs. 3 cyclgs <340 p-value, likelihood ratio, 2 vs. 3 cycles <310
p-value, likelihood ratio, 3 vs. 4 cyclgs 0.14 puer likelihood ratio, 3 vs. 4 cycles 0.15

from coal will be through increased production ke WWestern region, which is increasingly of
the sub-bituminous variety, and hence of lower gynarontent. We explore these regions in
greater detail in Fig. 3. The results of the |ldgishodel fitting for coal production in the major
coal producing regions in the US from 1800 to 2@08 given in Fig. 3. The regions are
subdivided in Fig. 3 as follows: (A)-AppalachiaB){Western, (C)-lllinois Basin, (D)-Gulf

Coast and (E)-Great Plains. For each region, Fis@lays the best fit logistic model and fits of

lesser quality, as described in section 2.5 oMle¢hods. The best fit multi-cycle logistic models
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are shown for each region, giving 1988, 2009, 19886, ind 1996 as the years of pe

production for regions Appalachian, Western, lli;mdasin, Gulf Coast, and Great Pla

respectively.
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Fig. 3 United States coal production by major coal prodgaiegion from 1800 to 2008. TI
total US production is divideth regions of origin: (A-Appalachian, (BMWestern, (C-lllinois
Basin, (D)-Gulf Coast, (E§reat Plains. Production data from R (EIA, 2011 Milici, 1997).
Production profiles from regions A, C, D, and E é#&een in a declining trend since 1990, 1¢
1990, and 1994 respectively. Region B is the oadyon in the US that is increasing prodon.
The best fit multieycle logistic models are shownr each region, giving 1988, 2C, 1988,
1996, and 1996 as the years of peak productiorefpions A, B, C, D, and E respectively. Ot
fits of lower quality biased for finding differingalues ofthe year of peak production are sho
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Table 2. Fitting parameters of best fit 2-cycle logistic nregdof Eq. (3), for the Western coal
producing region shown in Fig 3(B). Also given grgalues for likelihood ratio tests for over-
fitting between best fit multi-cyclic logistic moldecontaining between 1 to 3 cycles. P-values
give the probability that the improved fit to thata of a logistic model with more cycles over
one with less cycles is due to over-fitting. 1 ndrthe p-value gives the probability that the
model with more cycles fits the data better tha@ thodel with fewer cycles. Typically, a
confidence level of 95% is taken as statisticaiggnicant, corresponding to p-values less than
0.05. The p-value for the likelihood ratio testveeen the 2 and 3-cycle logistic model fits to the
Western coal production data gives a value of OT8#s suggests that applying a 3-cycle model
to the data would result in statistical over-figirand hence a 2-cycle model was used.

Fitting Parameters for Western Coal Production
Parameters Values
o1 (x10” short tons) 3.04
11 (year) 1920
o1 (year) 9.7
2 (x10" short tons) 58.07
T, (year) 2009
oz (year) 10.9
SSE (x16° short ton$ 2.78
p-value, likelihood ratio, 1 vs. 2 cycles <30
p-value, likelihood ratio, 1 vs. 3 cycles <30
p-value, likelihood ratio, 2 vs. 3 cycles 0.35

As was stated previously, since the Western regidhe only coal producing region that is not
past peak production, increased production frora tagion is likely the only way the US can

increase or maintain its current coal productiancduld be possible for other regions to
theoretically increase their production if sulfumission standards were relaxed or new
significant reserves were developed, notably lIBrend Alaska, which as discussed later in this
section. However, these scenarios are unlikely ¢ouo on short enough time scales to
significantly affect the current production cycledaovercome declines in other regions. This
means that the Western region production contrdienmhe entire US will reach maximum

production. This western dominance is similar toatvtvas concluded earlier in (H66k and
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Aleklett, 2009, 2010). The best fits from the tot&# and the Western region confirm this, as

both produce very similar peak production year8@O and 2009 respectively.

Additional evidence supporting the argument that\estern region will determine the sign,
positive or negative, of the change in US productiomes from analysis of the production
profiles of the individual coal producing stated. dll the current 25 coal producing states, 20
have gone through a peak in production and have sebstantial production declines (EIA,
2011a). These post production peak states accoudBfo of total US production in 2008 with
their average percentage, of the total productaecreasing for the last two decades. The
remaining 47% of the US production comes from 3est#hat have either reached a plateau in
production or have not yet gone through a defipiteduction peak, namely, Alaska, Indiana,
Louisiana, Montanand Wyoming. Alaska and Louisiana have a negligtoletribution of 0.5%
to the US production, as well as containing only di%he estimated recoverable coal reserves of
the US (EIA, 2011a, 2012f).These data imply thatlevAlaska and Louisiana have not reached
peak production yet, they will not make any differe of significance in trends of the overall US
production. It is should be noted that Alaska magtain a large amount of coal that has yet to
be produced and that is not reported as officisémees (Flores et al., 2004). However, much of
this potential coal may not be mined since most igreas, such as the north slope, where high
costs, transportation constraints, and lack ofastiucture pose significant obstacles to
production (Glustrom, 2009). Indiana has remaioedcan undulating production plateau of 35
million short tons for roughly 30 years. Indiangisoduction accounts for 3% of the US
production, and the state contains only 1.5% of W& estimated recoverable reserves.
Therefore, like Alaska and Louisiana, Indiana cdroi@ange the trends observed in the overall

US production. Its region, the lllinois Basin, halseady reached peak production and is in
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decline due to declines in its other states. We tbbat recently (post 2008) production from
lllinois has increased slightly, in part due torgased demand for its high sulfur coal as more
coal fired power plants add scrubbers. This dedaiew leaves us with only the two behemoths
of coal production belonging to the Western regiblontana and Wyoming, which have the
ability to affect trends in the overall US prodocti As of 2008 Montana’s production accounts
for 4% of the US production and the state conté@l@% of the US estimated recoverable
reserves. Wyoming produces about 40% of the US paaduction and contains 15% of the
estimated recoverable reserves. There are suladtdifterences in the economics of mining and
transportation between these two states which teelpxplain the discrepancies between the
states’ production levels and reported reserve8okthnd Aleklett, 2009, 2010). Though year to
year fluctuations do occur, these states have ibottid to US production at substantial and
increasing levels since 1972 and at an acceleratiedsince the combined production of the
remaining 23 US states peaked in 1990. From 192008, US production excluding Wyoming
and Montana has declined by 18%, from 800 to 630omishort tons per year, or by about 8
million short tons per year per year. For the U8dpction to even remain constant in the next
20 years, Wyoming and Montana will have to increpseduction by 32%, over their 2008
levels, to compensate this decline in the reshefdS. These two states already account for 44%
of total coal production. For them to increase picibn to 58% of the US total from such high
levels is a daunting challenge likely to remain ehnA similar conclusion about the future of
Wyoming and Montana coal production was reache@Hipk and Aleklett, 2009, 2010). Thus
our analysis by individual states is consistenhwitte picture of peak in US coal production in

the next decade at the latest, if not earlier.
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From our model predictions, along with the detaidedhlysis by energy content, rank and
regional distribution, has emerged a consistertupcthat US total coal production and energy
produced from coal are at their maximum or near imam and will go into permanent
geological decline in the next 10 years or so. Nmnsistencies in the analysis have emerged.
We now turn our attention to the validity and ae@oyr of the model predictions. To assess the
uncertainties that may arise in the model predistiove have performed several sensitivity tests

which we address next.

3.2 Sensitivity Tests for Year of Peak Production

Of the twelve coal regions exhibiting a completedurction cycle, the UK total coal and
Pennsylvania anthracite coal production were chasevalidate the logistic fitting procedure.
Several reasons underlie these two choices. Thefib&RR of the UK, 32 billion short tons, is
comparable to the best fitRR of individual regions of the US, 65, 10, 2, 1.4da29 billion
short tons for the Appalachian, lllinois Basin, Gdoast, Great Plains, and Western coal
producing regions, respectively. The Pennsylvaaia gives an analysis for only a specific rank
of coal, namely anthracite. This helps us ascedammodel predictions for the production peaks
and URR of the four individual ranks of coal. Also, botl these production profiles, the UK
total coal and Pennsylvania anthracite, have esdigngone through a complete mining
production cycle. In each case, production incréasegonentially, reached a maximum, and
then decreased. By purposefully restricting analyeevarying degrees of incomplete data from
these complete data sets, i.e. by using earlygrmtof the total production profile as the input
data for the fitting procedure, we can assess hell tive fitted models match up to both the

complete production data and the best model fiopered on the entire dataset.
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Fig. 4 United Kingdom (UK coal production from 1830 to 2008. Productionadftom Refs

(BP, 2010; Mitchell, 1988)The dita shows a virtually complete logistic productioncle

showing the initial ascent in production followeg & maximum and then a continuous decli
A single cycle logistic model, fitted using the iemtproduction dataset, is shown, illustrating
excdlent fit. Single cycle logistic models fitted ugironly production data prior to 25, 50, °
and 100 percent of the peak value of the bestufitec are shown. These fits demonstrate
accuracy of prediction of peak year of productionced 50% of the eak production
corresponding to exhaustion of approximately 14%otHl reserves has occurr

The results for the sensitivity and validation teétthe logistic model fitting procedure ¢
given in Fig. 4. Fig. 4 shows the UK coal prodantfrom 183Cto 2008. The production da
shows a virtually complete logistic production @&/adhowing the initic ascent in productio
followed by a maximum and then a continuous decliflke maximum production of co
occurred in the year 1913 at 292 million metons per year. The best fit logistic model us
the entire dataset gives a year of peak produetidl®24, and a maximum production of 2&
million metric tons per year. Also shown are béssihgle cycle logistic models fitted using or
production d&a prior to 25, 50, 75, and 100 percent of the pedite of the best fit curve, givir

peak years of 1931, 1915, 1916, and 1919 respéctiiee maximum production levels, for t
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logistic models using data prior to 25, 50, 75, 400 percent of the peak value of the best fit

model are 405, 242, 228, and 256 million metricstpar year respectively.

The results of the second sensitivity and validatiest are given in Fig. 5. Shown is the
Pennsylvania anthracite coal production from 18602008. The production data shows a
virtually complete logistic production cycle, simnilto the UK data. The actual production
peaked in the year 1917, at 99.6 million short foesyear. The best fit logistic model using the
entire dataset gives a year of peak productio®a? land a maximum production of 85 million
short tons per year. Also shown are best fit singlele logistic models fitted using only
production data prior to 25, 50, 75, and 100 pdroéthe peak value of the best fit curve, giving
peak years of 1905, 1907, 1905, and 1924 respéctiiee maximum production levels, for the
logistic models using data prior to 25, 50, 75, 400 percent of the peak value of the best fit

model are 87, 66, 62, and 97 million short tonsyear respectively.

For the UK, various fits performed on incomplet¢adaredicted the year of peak production to
within £9 years of the year of peak production obtainethftiee best fit using the entire dataset.
For the Pennsylvania anthracite, the fits performeetlicted the year of peak production to
within £12 years of the peak production of the best fit ehaging the entire dataset. In both
regions, the model had reduced accuracy when t@uption profile was far earlier from the
actual peak in production. However, once the prodacprofile approached its maximum the
accuracy improved. The UK predicted peak producyiear went from being 7 years off when
using only data prior to 25 percent of the begbdiak production year, to being 5 years off when
using data prior to 100 percent of the best fitkge@duction year. For Pennsylvania anthracite,

the predicted peak production year went from béidgears off when using only data prior to
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Fig. 5 Pennsylvania anthracite coal production from 189@Q08. Production data from R
(EIA, 2011a; Milici, 1997) Pennsylvania anthracite coal has the highesggrentent of coal
in the US. Production of anthracite has followedidtic production cycle in spite of lar
reported reserves. Single ana&:le logistic models, fitted using the entire protlon datase:
are shown, illustrating excellent fits. Single @& dbgistic models fitted using only producti
data prior to 25, 50, 75, and 100 percent of trekpalue ofthe best fit curve are shown. The
fits demonstrate the accuracy of prediction of pgaéir of production once 50% of the pe
production corresponding to exhaustion of approxéhyal 4% of total reserves has occur

25 percent of the best fit peak puction year, to being 7 years off when using geiar to 100
percent of the best fit peak production yeThis suggests that the fitting procedure is abl
predict the future production profile with reasoleabccuracy, even when a production pri
has only approached 25% of its future maximum pctdo value. This also validates t
predictive abilities of the model when it is apgli® other regions where the production prof
have not yet reached their pevalues. As mentioned earlier in sea 2.5 of the Metho, the
results from the other ten sensitivity test cadesasthat the results discussed here for the

and Pennsylvania anthracite, are typ
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The implications for the predictions for the US Icpaduction from these sensitivity tests are
unambiguously clear. For the four US regions wlnakie seen their peak production years occur
approximately in the mid-1990s, the predictionsoaf model should be reliable with a high
degree of certainly. For the case of the Westegioreand the US as a whole, it is with high
certainty that the peak of production lies in tmedacted windows occurring at the latest before
2023. For the rank of coal being produced similamatusions are in order. We can conclude
with certainty that the higher energy content coaftghracite and bituminous, will continue to
decrease in production, while the lower energy oalib-bituminous and lignite, will continue
to make up a larger portion of the US coal produteegblicationsfor the near term peak in total
energy obtained from coal are obvious. We are awithin a decade of such a peak. Having
established a time line for production decliness& in, we may now investigate estimated

reserves from our model, and compare with curraethprted reserves.

3.3 Coal Reserves

The best fit model from Fig. 1 for total US prodoat predicts a URR of 124 billion short
tons, with roughly 72 billion short tons alreadynad, and 52 billion short tons yet to be mined.
The remaining coal reserves predicted from the made 52 billion short tons, which can be
extracted at a decreasing rate on average onceelsels in. We now compare these predictions
from historically quoted results for reserv®gt), from Refs. (Rutledge, 2011by use of Eq.
(5). Fig. 6 shows plots JURR%(t), for the coal production of the entire United t&¢a the
United Kingdom and Pennsylvania anthracite, withgtale on the right axis. It contains for
comparison, the historic production data for eacthese regions along with the corresponding
best fit logistic model with their scales on thé kxis. The total reserve base, or URR, of the

United States appears to be historically overeséthhy as much as 3300% in 1913.
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Fig. 6 for the Unites States (A) and (B, expanded vietw, tnited Kingdom (C)
and Pennsylvania anthréeicoal production (D); right axis. Coal reservéadased to calcula
the is from Refs.Rutledge, 2011). Also displayed are historic production data
best fits as d=cribed in Figs. 1, 4, and 5; left ax gives an approximate percente
of over or under estimedl reserves as defined by Eq). Both C and D have essentia
completed a logistic production cycle allow to be directly calculated fromstoric
data, while the for A is estimated using the best fit model. PaBekhows ar
expanded view of A so that detail in of more recent years can be observed. It
be seen that for C and D that the total reserve bas historically verestimated by as much
620% in 1913 and 200% in 1964, respectively. Thegk overestimations in reserves occul
near or after the peak in the production of thel cegion, and persisted until there wi
significant declines in production, after ich, reserve estimates were significantly red. In
both C and D the reserves were adjusted to lowerl@aner levels, causing tF to
approach zero, as production continued to decbreetc. It is shown that it is estimated that
also historiclly over estimated the total reserve base by ashnasc3300% in 1913. As can
seen in B, this overestimation has decreaseddweh bf 170% by 200

This overestimation has decreased to a level of4li#D2008. The reserves for the entire
were adjsted to lower levels after each time a local p@agroduction occurred. These rese

adjustments took place after the peaks in 19187,184d 1956. In more recent years the rese
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have again increased, albeit to a much lower lthas historical estimates, as seen in panel (B)

of Fig 6.

3.4 Reserves vs. Model

To ascertain whether these large deviations oc@gause the model gives inaccurate
predictions for thé&JRR or whether the reserves estimatét), used in Eg. (5) are erroneous, we
now analyze the results obtained for our two teses. Reasons for choosing the UK and
Pennsylvania anthracite coal production cyclestartests have been listed earlier. From Fig. 6
we can see that the total reserve base for theetdiitngdom was historically overestimated by
as much as 620% in 1913. This high overestimatfaeserves occurred in the same year as its
maximum production occurred, providing a good exiangh how the peak in production usually
coincides with a maximum in reserve estimates [Fs¢on et al., 2012). The Pennsylvania
anthracite reserve base was historically overestichdy as much as 200% in 1964. This
overestimation occurred 47 years after the maxinpuoduction had occurred in Pennsylvania
anthracite mining. In both the UK and Pennsylvatiia high overestimations of reserves
occurred near the peak in production for the regad persisted until there were significant
declines in production, after which, reserve est@wavere significantly reduced. In both regions
the reserves were adjusted to lower and lower $ewalusing théURR%(t) to approach zero, as

production continued to decline to zero.

The SURR%(t) and reserve analysis for the UK and Pennsylvamilaracite suggest that it is
typical that the minable reserves for a regift) in Eq. (5), are overestimated, especially before
the peak in production occurs. It appears thatrvesestimates remain optimistically high even

after the peak production occurs, until the decim@roduction makes it evident that the large
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reserves are not justified. The UK coal reserveseew®t significantly adjusted to lower levels
until after a smaller secondary peak in productomturred in 1956, as well as, changing
economic conditions and environmental regulationictvhreduced potential reserves.
Pennsylvania anthracite reserves were adjustecover! levels after a secondary peak in
production in 1944. This phenomenon of such langgrestimations of reserves is well known in
oil exploration and has been dubbed the “fallacganty success” (Jakobsson et al., 2012). It has
been shown to come about as a consequence of loandrgy exploration process progresses.
Though the exact physical processes of oil and ex@loration differ, they both follow the same
gualitative exploration pattern, as they are bothatlle energy sources in discrete deposits of

varying quality.

Further evidence for the egregious overestimateseskerves is obtained from current
Pennsylvania anthracite reported reserves. Thertlusproduction of Pennsylvania anthracite
follows the logistic model very well. This is likelbecause anthracite is the highest energy
content, cleanest burning coal, and therefore heenba preferred coal source for several
industries, particularly heating, locomotion, arthes applications. Additionally, the relatively
small geographic distribution of anthracite in Peywania prevented parts of the regions from
being economically decoupled from one another, Winguld have resulted in multiple cycles.
Despite large reported reserves and a continuonnsule for anthracite due to its high quality,
the production of anthracite still declined follawgithe logistic model. The main deviations from
the logistic model occurred in 1902, 1922, and 18@%ng the anthracite coal strikes, during the
Great Depression of the 1930’s, and the ramp woah production during the second world war.
Even with current low production levels, reportaécoverable reserves at producing mines”,

“estimated recoverable reserves”, and “demonstredsdrve base” are 6, 35, and 329 times,
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respectively, what the theoretical remaining recable reserves are from the logistic model. It
seems unlikely that these reserves estimates witehlized given the current state of anthracite

production.

We have observed similar trends in similar postkpegions such as Belgium, France, Japan,
the Netherlands, Portugal, Sweden, and Taiwan. dikersity of countries in which gross and
comparable overestimates of reserves occurred stiewvgenerality of the phenomenon and its
connection to the “fallacy of early success” dismgkin (Jakobsson et al., 2012). The anthracite
coal reserve estimates in Pennsylvania confirmsttteaUS reserve estimates are not showing

any different trend.

3.5 Major Overestimation of US Coal Reserves

The implications from these sensitivity tests fdRR predictions for the US total coal
production are clear beyond doubt. The fact theémees have historically been overestimated
and are not adjusted until peak and then declipnogluction suggests that the current reported
US reserve estimates from the EIA of 259 billionoshtons (EIA, 2012f) are a gross
overestimate. A more reasonable estimate is prdvigeour best fit model in Fig. 1 of 52 billion
short tons yet to be mined. Our result directlytcasticts a commonly quoted assertion that there
is enough coal supply to last the next 200 to 2&4ry. This statement is derived by dividing the
reported EIA reserves of 259 billion short tonsAE2012f) by the current production of about
1.1 billion short tons to obtain 235 years. Howewvarch a “reserves to production” estimate
relies on two assumptions. The first of which iattla high constant production rate can be
maintained. Decades of data from real coal prodagbrofiles from around the world show that

these profiles do resemble in general form, thonghfollow exactly, the ideal multi-cyclic
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logistic type curves of our model. Therefore praduc goes into decline long before reserves
are exhausted or when approximately 50% of theahcaserves have been produced. Thus the
first assumption is clearly in error. The seconduagption is that the reported reserves are
accurate which our sensitivity analysis clearlywsbdo be false. Thus, our findings not merely
echo, but also provide quantitative analysis toficon the statements made by the National
Research Council in their 2007 report on coal, “ldeer, it is not possible to confirm the often-
guoted assertion that there is a sufficient sugplgoal for the next 250 years.” (NRC, 2007).
The summary conclusion of our work is that the U la reserves to production ratio of
approximately 47 years not 200 to 250 years asia@fteted (AP, 2013; CN, 2013; IER, 2013;

Katzer et al., 2007; Milici, 1996).

3.6 Comparison to Previous Results

Our results are comparable to those of prior workarecasting US coal production that we
described in section 2.1 Forecasting and Prior \WHikre we use the metric units gigatonnes
(Gt), megatonnes (Mt), and exajoules (EJ), so tesidn be easily compared between studies.
The results of our best fit and lower quality bdgs of the multi-cyclic logistic model fitting
process give a range of values for the peak pramtugear, maximum production rate, and URR

for both coal raw tonnage and energy.

For coal raw tonnage, these ranges are: 2009-2028¢é peak production year, 1.14-1.28
billion short tons per year, or equivalently, 10BEB3 Mt per year for the maximum production

rate, and 124-162 billion short tons, or equivdlerit12-147 Gt for the URR.

41



For energy from coal, these ranges are: 2003-2648he peak production year, 23.1-25.2
qguadrillion BTU per year, or equivalently, 24.3-@@&J per year for the maximum production

rate, and 2557-3430 quadrillion BTU, or equivalgn?698-3619 EJ for the URR.

The study by Rutledge provides estimates of thé toomage URR for US divided into three
regions, Eastern, Western, and Pennsylvania antéi@utledge, 2011a). The estimated URR'’s
for the Eastern, Western, and Pennsylvania anteraegions are 82 Gt, 45 Gt, and 5.05 Gt,
respectively, giving a total US URR of 132.05 Ghidlvalue is in good agreement with our

results as it lies within our estimated range &-127 Gt for the US URR.

The study by Patzek and Croft provides estimatesHe peak production year, maximum
production rate, and URR for energy from US co&dt¢ek and Croft, 2010). The values are
2015 for the peak production year, 26.8 EJ per f@athe maximum production rate, and 2757
EJ for the URR. These values are in close agreemigmtour results for energy from US coal.
Their peak production year of 2015 and URR of 2EJ7lie within our estimated ranges of
2003-2018 for the peak production year and 2698381 for the URR. Their estimate of the
maximum production rate, 26.8 EJ per year, is ctoséhe high side of our estimated range of

24.3-26.6 EJ per year.

The study by Mohr and Evans provides estimatestierpeak production year, maximum
production rate, and URR for US coal tonnage, usengeral methods (Mohr and Evans, 2009a).
Here we compare the results of the Hubbert Lineiom and Best Guess scenarios in their
paper to our results. The results of the Hubberearization give estimates of 2005 for the peak
production year, 1232 Mt per year for the maximumdpction rate, and 171.7 Gt for the URR.

Their Best Guess scenario gives 2048 for the peafiugtion year, 1809 Mt per year for the
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maximum production rate, and 308.1 Gt for the UBBth of the methods produced URRs and
maximum production rates larger than those in esults, which were 112.5-147.4 Gt and 1035-
1163 Mt per year, respectively. The Hubbert Linestton used in (Mohr and Evans, 2009a)
gave a peak production year that is earlier ounltgs2005 vs. 2009-2023, while their Best
Guess scenario gave a peak production year lad@r dhr results, 2048. The results from this
study did not align with our results as closelyo#iser studies, however, they still support the

common conclusion that the US does not have a 2@8@year supply of coal remaining.

The study by the Energy Watch Group provides eséméor the peak production year and
maximum production rate for US coal. Their analysigygests that US coal production by
tonnage will peak between the years 2020 and 2D&@8.range overlaps with our results of US
coal production reaching peak between the year8 206 2023. The Energy Watch Group study
also estimates that the maximum production rafgeak in terms of energy will be at most 20%
higher than 2007 production levels. This corresgada rate of 27.9 EJ per year, which is close

to the high side of our estimated range of 24.%- 28] per year.

The study by Glustrom concludes that the “planriingzon for moving beyond coal could be
as short as 20-30 years.” (Glustrom, 2009). Thsetiframe agrees with our results which
suggest an imminent peak in US coal tonnage pramubietween 2009 at 2023. The Glustrom
study also found that the western states of Wyomang Montana will dominate future

production, similar to our findings.

The studies by HO6k and Aleklett and HOOk et abvpite estimates several scenarios of future
US coal production (HO0k and Aleklett, 2009, 200H0HkK et al., 2010). Their analysis found that

the US states of Wyoming and Montana will ultimgtebntrol the growth and decline of future
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US production, as we did in our analysis. In eatlhe studies they suggest that if the large
reported reserves of Montana are not fully exptbliss production will likely peak before 2050,
likely around 2030. Their analysis found that thaximum rate of production of US coal will
likely reach 1400 Mt per year and maintain thateleuntil the end of the century if the US’s
large reported reserves are developed, or slowdlindeif the reserves are overestimated. The
results from their studies gave later peak year$ larger production rates than our results,
however, they still support the common conclusiuet the US does not have a 200 or 250 year

supply of coal remaining.

These studies all used a variety of different asialgnd forecasting methods, as described in
section 2.1, and still came to similar conclusighat US coal production will likely be
significantly less than what is suggested by theenily reported reserves. Our results agree
closely with those of many of the studies, and agvith the common conclusion of a limited US
coal supply that all of these studies came to. &gyigement lends support to the validity of our

results.

3.7 Ancillary Evidence of Peak Production

It is clear from the data presented on individejions and states that the Western region,
particularly Wyoming and Montana, will determine avh the entire US will reach peak
production. Furthermore, to compensate for theidesh combined production from the other
23 states, these two states have to increase ghaduction rate in the future. Ancillary data
about (i) stripping ratio (BLM, 2013; Glustrom, ZB)0and (ii) US coal mine-worker productivity
(EIA, 2012c) and (iii) energy returned on energyeisted data (EROEI) (Cleveland, 1992; Gupta

and Hall, 2011; Hall and Cleveland, 1981; Hall &t 4986) are consistent with our model
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predictions for a peak of US energy production écapproaching soon, i.e. within a decade or

earlier. We briefly discuss each of these here.

(i) The majority of the large producing mines iresle two states are surface mines located
within the Powder River Basin (EIA, 2012g; USGS12) For surface mines a measure known
as the stripping ratio is important for determinthg economics and feasibility of mining. The
stripping ratio is the amount of overburden (ilee tock or soil above the coal) that needs to be
removed to obtain an amount of coal. Larger strigpratios may make surface mining
uneconomical, as the costs to remove the excesbuwden can become too large to make the
operation profitable. The stripping of waste rocld aoil make up a significant portion of the
cost of production for a mine (Thompson, 2005). ifiddally, larger stripping ratios do not
increase productions costs linearly, but ratheioaeptially (Shafiee et al., 2009). This means a
small increase in stripping ratio can quickly makiming uneconomical. The current producing
mines in the Powder River Basin are on the edgeleobasin where the overburden is thinnest
(DOE, 2007; Glustrom, 2009; USGS, 2013). The US@sdignificantly reduced the size of the
estimated recoverable reserves in the Powder Bigsin in part due to much of the coal having
large stripping ratios (Glustrom, 2009; Luppenalet2008). As the coal with low stripping ratio
is depleted, the coal remaining has a higher stigppatio. Future production will come from

higher stripping ratio mines leading to less nefrgg obtained from the coal.

(i) The worker productivity of a coal mine is anportant measure for its profitability and will
reflect the cost of coal produced at the mine. iffoge short tons of coal that can be mined per
employee hour the more profitable the mine canAlsemines deplete (e.g. thinner coal seams),
or the coal becomes harder to access (e.g. langemratios), less coal can be produced for the

same amount of time and effort. The overall avenragne productivity of the US is therefore an
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indicator for the state of depletion of US coalowses and the quality of remaining coal
resources. US mine productivity increased fapproximately 2 short tons per employee hour in
the year 1980 to a peak of 7 short tons per empldymir in the year 2000, coinciding with
major increases in production from primarily suganining in the Western region, particularly
Wyoming. Since then the average coal mine proditgthas been in a decreasing trend and has
dropped to a level of 6 short tons per employeer tgu2008, a decrease of 15%. The mine
productively in terms of energy from coal shows arenpronounced decrease in productivity
since the peak in 2000. Mine productivity has givoen 147 million BTU per employee hour in
2000 to 121 million BTU per employee hour in 20@8decrease of 18%. This is due to the
continuous decline in the energy content of US ;0@ was also found in (H66k and Aleklett,
2009; Zittel and Schindler, 2007b), as well as,psuts our findings that the US will reach peak
in energy in coal before tonnage from coal. Thartgrof this peak in productivity in the year

2000 mirrors the timing of the US reaching a plateeenergy production from coal in 1997.

(i) EROEI is a form of energy balance of an energsource. It represents the amount of
energy that is obtained for every unit of energyested in producing that energy source. The
higher the EROEI of an energy resource, the greeteenergy the source can provide to run the
economy and society at large. This means that R@H is a measure of a type of quality for an
energy resource (Lambert et al., 2014). The ERGHoal in the US has been calculated in
several studies (Cleveland, 1992; Gupta and HalL12 Hall and Cleveland, 1981; Hall et al.,
1986). The EROEI for coal increased in the 196@éxreased to a lower level in the 1970’s, and
then increased until the late 1980’s. The increéashe 1960’s is generally attributed to a move
to production of western surface coal, while therdase in the 1970’s is attributed to lower

energy quality coals beginning to make a largetigorof production (Gupta and Hall, 2011).
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This pattern appears to be mirrored in the US ooi@e productivity discussed in (ii). It is
important to note that these western lower enetglity coals are in many cases currently less
expensive to utilize than higher energy easteriscaiace the western coals do not require the
capture of sulfur emissions to comply with regua$, as is the case with the high sulfur eastern
coals. (Hall et al., 2014) perform a meta-analgsiestimates of the EROEI of coal. Their work
suggests that the EROEI of underground eastern a#b mines had decreased significantly
enough by the 1970’s to in part prompt more surfaoeluction from western coals, along with
increased sulfur emissions restrictions. The ERGIEUS coal then increased due to the major
increases in lower energy intensive surface coalngisince that the 1970’s. (Hall et al., 2014)
presents data suggesting the EROEI of US coal éas im an increasing trend since the 1980’s,
however this trend has reversed in the early 2000is trend reversal timing matches with that
of the plateau in US energy production from cob& increase in stripping ratio of western
mines, and with the peak in US mine productivitheThumber of EROEI estimates in this trend
is limited so one should be cautious making defiaistatements from these data. However, the
potential decrease in EROEI from US coal agree$ ulite many other observed factors
associated with a peak in US coal production. Talpic higher ranked coals have greater
EROEIs or lower energy intensities than lower rahkaes as was shown by in life-cycle
analysis studies by (Lenzen, 2008). (Lenzen, 2p@8jprms a life cycle analysis on brown (i.e.
lower energy sub-bituminous and lignite coals) atatk (i.e. higher energy bituminous coals)
coal power generation plants and produces a rahgmergy intensities. Brown coal power
plants have higher energy intensities than blacdscpower plants and therefore, have lower
EROElIls. Based on the factors discussed in (i) @hdalong with the fact that sub-bituminous

coal in the Western region will form a larger pertage of US energy production replacing
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higher ranked bituminous coal from other regionssilikely that the EROEI of US coal is

decreasing.

Thus we observe that these three supplementargaitwis support our earlier model results
about near term year for maximum production for éifergy from coal and the resulting low

URR estimates.

4. Conclusions

Over the course of this study we analyzed the ourstate of US coal production and
forecasted likely future production scenarios. #os task multi-cyclic logistic model was fit to
historic production datasets of raw tonnage andggn&om coal for the entire US. The raw
tonnage logistic model indicates that the year edkpproduction will occur between 2009 and
2023, with 2010 as the most probable year for th&imum. The logistic model applied to the
energy production data indicates that the yeareakgproduction will occur between 2003 and
2018, with 2006 as the most likely year for the mmaxn. These fits used data excluding any
recent coal production disruptions due to the iiseshale gas production and the global
economic crisis, and therefore are free from paéhtas from recent production declines due to
these factors. Additionally, the US was also suidgigt into 5 coal producing regions and the
multi-cyclic logistic model was applied to each.iglanalysis showed that 4 out of the 5 coal
producing regions are in post-peak decline, simidg)Glustrom, 2009; Ho6k and Aleklett, 2009,
2010), with the Western region expected to reaslpéak production between 2007 and 2012.
The overlap of the peak production time frames,020023, for the total US, and 2007-2012 for
the Western region, are consistent with the datavsiy the Western region’s production will

control the direction of future US production. Tastimated US coal energy URR from the
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logistic model is 2750 quadrillion BTU (2900 EJ)itlwroughly 1680 quadrillion BTU (1770 EJ)
already extracted and 1070 quadrillion BTU (1130 y&t to be mined, while the estimated raw
tonnage URR is 124 billion short tons (112 Gt),hmibughly 72 billion short tons (65 Gt)
already mined, and 52 billion short tons (47 Gt)tgebe mined. The estimate of 52 billion short
tons yet to be mined is not in agreement with th<Ereported 259 billion short tons (235 Gt)

of estimated recoverable reserves.

Two classes of tests were performed to validatepdak production years and remaining
reserve estimates that resulted from the model. t€bts used production data from several
regions that have completed a full production cy@éthese two typical cases namely the UK
and Pennsylvania’s anthracite mines were discussddpth as examples. The results from the
first test showed that the multi-cyclic logistic deb was able to predict the production peak year
to within 9 years for the UK, angt12 years for Pennsylvania anthracite using limpeztpeak
segments of the respective complete datasets. 8dmnag test showed that URR, which reflect
reserve estimates, were grossly overestimated mguah as 620% and 200%, for the UK and
Pennsylvania anthracite respectively. This is @sfigdhe case before the peak in production
occurs, but, estimates remain optimistically higkreafter the peak production occurs, until the
decline in production makes it evident that thgéareserves are not justified. Additionally, we
find that our results agree with those of previanalysis of US coal production. Our findings
suggest that the US coal supply has been largetystated, and that energy policy based on

these overstatements should be revised.
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Appendix A

In addition to the peak year sensitivity analysghhghted for UK and Pennsylvania anthracite
coal production, we include figure of the analysisFrance, Japan, and Sweden. These regions’
historic peak in production occurred later in theduction cycle due to the asymmetry of the
production profile. To further illustrate the coptef historical gross overestimation of URR

and reserves, we also include figures fordH8R%(t) analysis for these three regions.
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Fig. A1 Frenchcoal production from 17¢to 2006. Production data from Refl¢hr and Evans
2009b) The data shows a virtually complete productionle. A single cycle logistic mode
fitted using the entire production dataset, is sino8ingle cycle logistic models fitted using ol
production data prior to 250575, and 100 percent of the peak valf the best fit curve ar
shown.
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Fig. A4 for France right axis. Coal reserve data used to calculage 5

from Refs. (Rutledge, 2011bAlso displayed are historic production data aed fits; left axis.

gives an approximate percentage of over or undenaed reserves as defined
Eq. (5). France hasssentially completed a logistic production cydlevang to be
directly catulated from historic data. It can be seen the total reserve base was historic:
overestimated by as much 3860% in 193. These high overestimations in reserves occlt
near or after the peak in the production of thel gegion, and persisted until there we
significant declines in production, after whichseeve estimates were significantly red.. The
reserves were adjusted to lower and lower leveasiag the to approach zero, ¢
production continued to decline zero
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Fig. A5 for Japan; right axis. Coal reserve data used lzulede the IS

from Refs. (Rutledge, 2011bAlIso displayed are historic production data aest fits; left axis.

gives an approximate percentage of over or undenaed reserves as defined
Eq. (9. Japan has essentially completed a logistic piaiu cycle allowin: to be
directly calculated from historic data. It can le=isthat the total reserve base was historic
overestimated by as much @0% in 196. These high overestimations in reserves occlt
near or after the peak in the production of thel gegion, and persisted until there wi
significant declines in prodation, after which, reserve estimates were sigaifity reduced. Th
reserves were adjusted to lower and lower levelssiag the to approach zero, ¢
production continued to decline to z¢
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Fig. A6 for Sweden; right axis. Coal reservata used to calculate tl IS

from Refs. (Rutledge, 2011bAlso displayed are historic production data aedtlfits; left axis

gives an approximate percentage of over or undemaed reserves as defined
Eq. (5. Sweden has essentially completed a logisticyrtian cycle allowin to be
directly calculated from historic data. It can le®is that the total reserve basas historically
overestimated by as much 3860% in 195. These high overestimations in reserves occlt
near or after the peak in the production of thel gegion, and persisted until there wi
significant declines in production, after whichseeve stimates were significantly reduced. 1
reserves were adjusted to lower and lower leveasiag the to approach zero, ¢
production continued to decline to z¢
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