





tracted by mining. Depletion is also present here, and may be studied
through factors such as declining energy content (VIII), increasing mining
depth or other parameters that indicate an increasing investment in monetary
or energetic terms to keep up production. Also for coal, the total production
pattern of a country of region is dependent on distribution of production
output from individual coal mines, but also on when the mines become op-
erational and how long they are operating.

These interactions between physical parameters and socioeconomic fac-
tors results in production patterns that are generally bell shaped. The mecha-
nisms that generate a peak in these cases can only be more implicitly studied
and it is hard to find a direct physical mechanism that generates a maximum
production level. By merging many different disciplines, scientists have tried
to describe and explain these indirect depletion mechanisms.

Hubbert (1956) and many other modellers have primarily relied on em-
pirical justification for bell shaped curve fits in their studies. They observed
a good agreement with fitted bell shaped curves and this was used for @ pos-
terior justification of peak production patterns. Other studies rely on statisti-
cal laws or theoretical models to explain how depletion will lead to a peak in
production. The following sections overview the indirect depletion mecha-
nisms and various attempts to explain the emergence of a production peak.

Figure 5.4. An exemplary region consisting of six fields with different sizes and
starting times. The total production is dependent on a rather complicated interaction
between all the constituents.
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5.2.1 Hubbert’s original approach

Initially, Hubbert (1956) did not provide any mathematical description of the
bell shaped curve used in his work. Instead, he relied on a more intuitive
justification for the bell shaped production behaviour of any finite resource.
Resting on the arithmetic of growth, Hubbert (1956) noted that the growth
rates of world coal production were 4.3%, with a production doubling every
16 years. For oil, Hubbert (1956) saw a world oil production growth of 7%,
implying a doubling every 10 years.

How many periods of doubling can be sustained before production rates
would reach astronomical magnitudes? Hubbert (1956) argued that the num-
ber must be small stemming from the fact that after » doubling periods the
production rate will be increased by 2”. Thus, a mere 10 doubling periods
increases the production by 1024 times. Every time a growing quantity dou-
bles, it takes more than the total use in all the preceding growth. No finite
resource can sustain doubling for longer than a brief period of time. Al-
though production may initially be growing exponentially, physical limits
will later prevent the continuation of such behaviour. From this, Hubbert
(1956) formulated a way of extrapolating growth curves resting on two basic
considerations:

(1) For any production curve of a finite resource of fixed amount, two
points on the curve are known at the outset, namely that at t = 0 and again
att = oo. The production rate will be zero when the reference time is zero
(i.e. before extraction has started) and the production rate will again be zero
when the resource is exhausted. Between these points, production rate will
be passing through one or several maxima.

(2) The second consideration originates from the fundamental theorem of
integral calculus; if there exists a single-valued function y = f(x), then:

Jydx=A, (5.9)
0

Where A is the area between the curve y = f(x) and the x-axis from the
origin out to the distance x,. If the production curve is plotted against time,
the following will also hold:

_

p= % 5.10
el (5.10)

Where dQ is the quantity of the resource produced at time dt. From
Equation 5.9, the area under the curve up to any time t is then given by:
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A=j0tht=j0t(C;—g>dt=Q (5.11)

where Q is the cumulative production up to the time t. The ultimate pro-
duction will now be given by:

Qmax=J P dt, (5.12)
0

and can be represented on a graph of production-versus-time as the total
area beneath the curve. The magnitude of the ultimate cumulative production
can never be larger than the quantity of the resource initially present, as it is
impossible to produce more than geologically available.

If one has a suitable estimate of the available resource, a family of arbi-
trary production curves can be drawn, where all would exhibit the common
property of beginning at zero and ending at zero, and encompassing an equal
area limited by the available recoverable resources.

Combining this framework with good estimates of the recoverable re-
sources allowed Hubbert (1956) to accurately predict the peak in US oil pro-
duction. Hubbert also discusses some examples with several maxima, such
as the oil production in Illinois, and explains how new discovery cycles can
trigger production from new areas.

Even though this framework is plausible, it remained quite arbitrary in the
choice of production curve and did not contain any solid method that could
be applied to forecasting. To mitigate this problem and obtain a more func-
tional methodology, Hubbert began to empirically study what kind of curve
shapes that were common in production of finite resources.

5.2.2 Logistic models

Hubbert (1959) considered historical patterns in available statistics in the
USA and found that cumulative oil discoveries approximated the logistic
curve for a single cycle of growth with remarkable fidelity. Hubbert also
plotted cumulated discoveries alongside cumulated production and noted
that the curves were similar in shape but shifted in time, thus establishing a
mirror relationship between discoveries and production.

The logistic curve was then predominantly used because it had a theoreti-
cal basis, empirical agreement with a wide array of growth processes, as well
as mathematical simplicity (Meng and Bentley, 2008). The logistic function
is given by the differential equation:

dQ

E—bQ(l < ) (5.13)

" URR
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Where URR is the ultimately recoverable resources of any finite energy
resource, Q denotes the cumulative production, and dQ/dt is the rate of
extraction (i.e. production). The constant b governs the growth rate.

Physically, one may interpret the logistic equation as a rate of extraction
that will initially increase exponentially because the ultimate limit to produc-
tion is unimportant due to the fact that extracted volumes represent only a
small part of the URR. As cumulative production grows and becomes a sig-
nificant share of the URR, extraction becomes more difficult and the rate of
extraction decreases. Since there is an ultimate limit to extractable amounts,
production will finally go to zero. The solution to the logistic equation ob-
tains cumulative production as a function of time and is mathematically ex-
pressed by:

0(t) = URR
B URR — Q(0) _ (5.14)
(1+ =gy ) e (o
This can be simplified to a more functional expression:
URR
Q) = (5.15)

(1 + a * exp(—kt))

The logistic model is simple and yet found to be adequately applicable in
both coal and oil analysis. Closer discussions on the logistic model can be
found in papers VIII, IX, and X.

Hubbert (1959) found that cumulative discoveries (and therefore also cu-
mulative production due to the mirror relationship) were following an ap-
proximately logistic curve. From this, it was concluded that annual produc-
tion would follow the first derivative of the logistic curve, which is also bell-
shaped and closely resembles its parent curve (VIII). Today, the derivative
of the logistic curve is called the Hubbert curve in honour of his pioneering
work in the field of mathematical geology.

Hubbert also found out that the linear property of the logistic differential
equation could be exploited. By plotting the production as a fraction of cu-
mulative production on the vertical axis and cumulative production on the
horizontal axis a graph with a largely linear behaviour appears. Mathemati-
cally this may be expressed by a reformulation of Equation (5.13):

dQ(®)
P_"ar _ b (1 _L) (5.16)
Q Q URR
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This is a straight line relation in the P/Q versus Q plane. Linear regression
techniques can then be used to extrapolate the line and forecast ultimate pro-
duction. This forecasting technique is commonly called Hubbert lineariza-
tion. It was recently used by Deffeyes (2005) and Mohr and Evans (2009).
Paper VIII applies this technique to coal production in the USA.

Hotard and Ristroph (1984) pointed out that critics of the logistic model
contend that it does not include economic factors or technological innova-
tions as possible supply-extension devices. However, the past influences of
such factors are naturally included in the time series that the logistic model is
based on and they are therefore implicitly included.

5.2.3 General growth curve methods

More generally, all growth in the physical reality must be bounded or at least
subjected to limitations affecting growth rates, making growth slow down
over time. This is well-known in many biological systems, where an organ-
ism may grow fast in juvenile stage, but then growth slows down with ma-
turity. Growth may actually continue ceaselessly, but the rate of growth ap-
proaches zero as time tends to infinity.

In biology and ecological sciences, the intrinsic limitations imposed by
nature have been studied for a long time. Many bell shaped curves and pat-
terns seem to have been first developed to describe and predict growth in
biological system studies. In energy analysis, peaking phenomena can be
seen as nothing more than how exponential growth meets finite resources,
where the intrinsic limitations are reflected in the choice of the upper bound
of the curve fitting model.

Verhulst (1838) was among the first to formulate a model for constrained
growth and this came to be the logistic model that was discussed in section
5.2.2. Verhulst reasoned that, any population subject to growth would ulti-
mately reach a saturation level (usually described as the carrying capacity)
and as a characteristic of the environment that forms a numerical upper
bound on the growth process. Similar reasoning has been expressed by many
other scientists in disparate fields and disciplines. Many methods and ideas
have been taken from this field and applied in coal and oil analysis.

The limiting factor lies rather in the growth process itself, in form of the
increasing costs required for continued expansion. The upper limit may be
high, virtually non-existent, but the steps on the development ladder are be-
coming more and more challenging to take, thus slowing down the growth
process. In the biological sciences, this is often seen as proportionality be-
tween growth rate and actual size or age. This may be described by bounded
exponential growth (Equation 5.17), sigmoid functions (Equation 5.18) or
similar expressions.
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q(t) = A(1 — ax exp(—kt)) (5.17)

If g(t) is used to denote the global energy production from of arbitrary
energy source at time t, then bounded exponential growth mode has the fol-
lowing properties. It is asymptotic to ¢ = A as t—oo and monotonously
increasing with time. Furthermore, it passes through (0,0) indicating that
energy output starts at zero before utilization has begun. Bounded exponen-
tial curves grow rapidly in the beginning, before slowing down. This type of
curve is sometimes called a Brody model, after Brody (1945) who used it for
describing growth processes in various systems.

Equation 5.18 shows the Gompertz function, which is one of many S-
shaped curves used to describe bounded growth. Also in this case, q(t) may
denote the global energy production from of arbitrary energy source at time
t, and A denoted the saturation level or upper limit, for instance the maxi-
mum number of fusion power plants or wind mills that realistically can be
constructed in any given area.

q(t) = A * exp (—Cl * eXp(_kt)) (5.18)

Compared to bounded exponential curves, sigmoid curves grow slowly in
the beginning and end, which are generally easier to fit to actual implemen-
tation of technology and market introduction dynamics. Some of the most
well known sigmoid curves are Gompertz curves (Gompertz, 1825), logistic
curves (Verhulst, 1838), Bertalanffy curves (Bertalanffy, 1957).

Later, Richards (1959) and Janoschek (1957) developed generalized
growth curves that can be used in all forms of bounded growth patterns. Bass
diffusion models (Bass, 1969), frequently used in product and technology
forecasting, also yield many other sigmoid or bell shaped curves as special
cases. Discussions on more generalized growth models can be found in
Birch (1999) or Tsoularis and Wallace (2002). The models described in
Equation 5.17 and 5.18 should only be regarded as examples, as there are
many other mathematical functions capable of describing saturated growth.
Modis (2007) has written an excellent and amusing overview of strengths
and weaknesses of S-curves.

Just as Hotard and Ristroph (1984) highlighted for the logistic curve,
other curve fit models implicitly include the past effects on technology and
similar factors. However, there is a possibility that economics or technology
will drastically change production from what is known today. Until there is
evidence for such significant transformations of the production system,
curve fitting models appears to provide valuable information about the gen-
eral production outlook.

One should remember that there are many other mathematical curves that
also can be used beside the logistic curve and its derivative the Hubbert
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curve. Paper IX also shows how Gompertz curves give good agreement with
historical data and provide a slightly different outlook, even though the gen-
eral picture is the same. The choice of curve can affect the forecast and gen-
erally one should rely on more methods than just the fitting of a single curve

type.

5.2.4 Statistical arguments

There are also purely statistical reasons to expect a peaking behaviour and
this has been used by some analysts to explain the appearance of production
peaks. The well-known Central Limit Theorem (Laplace, 1809; Trotter,
1959) dictates that random samples of average values from a natural popula-
tion will tend towards a normal distribution around a central mean. It follows
that a normal distribution can be used to represent the range of possible val-
ues or uncertainty associated with any new sample in a geological property
such as coal deposits or proposed exploration wells.

The Central Limit Theorem also shows that adding distributions produces
a normal distribution, provided that the summarized distributions are inde-
pendent of one another and that none of the distributions are strongly biased
or markedly dominant. A normal distribution (de Moivre, 1738; Gauss,
1809) is described by the formula:

N=——¢
V2mo?

where N = normal density function, x = sample value, p = mean and me-
dian of the distribution, and ¢ = standard deviation or square root of the vari-
ance. The normal distribution curve is often known as a Gaussian curve. It is
bell shaped and often easier to apply than many other bell shaped curves due
to its dominant role in statistics and integration in common statistical and
data analysis software such as Excel. The Gaussian distribution closely re-
sembles the logistic distribution, but they are not equal. Closer comparison
of logistic curves, Hubbert curves, and Gaussian curves have shown no pref-
erence for either curve (Bartlett, 2000; Patzek, 2008).

However, the Central Limit Theorem has also been criticized as a solid
theoretical basis for the emergence of bell shaped pattern (Brandt, 2007).
The Central Limit Theorem only yields bell shaped distributions when dis-
tributions that are independent of one another are summed. This is not the
case in reality.

Individual production curves can be summed, but they are not independ-
ent. Production at a given oil field is determined at least in part by the deci-
sions of the producers. These producers respond to common stimuli across
regions, nations, and even at a global level. At a regional level, common

(5.19)
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stimuli include local transport costs, availability of nearby markets, and
regulatory pressures (such as state or provincial environmental laws). Na-
tional politics can force production up or down, particularly in nations with
central control over production. Both long and short-term trends can influ-
ence producers simultaneously across the globe. Thus, there is no theoretical
reason to expect Gaussian production profiles to fit all cases.

Another statistical argument can be made from the fact that both mathe-
matical theory and empirical data show that the discovery sizes typically
follow a lognormal distribution (Quirk and Ruthrauff, 2006). The lognormal
distribution is a multiplicative distribution where the logarithms of the natu-
ral population form a normal distribution in the log domain. Such a distribu-
tion has a skewed appearance, but is similar to the normal distribution. Any
lognormal distribution can be defined by the following:

1 e_ols(ln)é__ﬂ)Z
xV2mo?

Where L = lognormal density function, x = sample value, u = mean and
median of the natural logarithm of the population, ¢ = standard deviation or
square root of the variance.

Many other alternative statistical distributions have also been used to de-
scribe and predict geological resources (Folinsbee, 1977; Rowlands and
Sampey, 1977; Dahlberg, 1980; Howarth et al, 1980; Schuenemeyer and
Drew, 1983; Drew, 1990; Houghton et al, 1993; Merriam et al., 2004). Vari-
ous versions of the fractal distribution with self-similarity of log-log pat-
terns, originally developed by Mandelbrot (1982), are commonly used. That
includes the principle of factor sparsity, law of the vital few and other ver-
sions of the Pareto principle (Pareto, 1927; McKie, 1960; Houghton, 1988),
implying that the majority of the discovered volumes will be concentrated to
relatively few fields. This is in good agreement with the giant oilfields of the
world (II, IIT) and the global distribution of coal (X).

Zipf’s law, Zipfian distributions and curved power laws (Zipf, 1949;
Mandelbrot 1953; Arps and Roberts, 1958; Laherrere and Sornette, 1998)
imply that the frequency is inversely proportional to the rank. This means
that there will typically be a few supergiant discoveries, a small number of
giants, a moderate number of average finds, and many small discoveries.

It can be shown that discovery sizes within single petroleum plays display
perfect lognormal distributions (Quirk and Ruthrauff, 2006). Laherrere
(2000) analysed petroleum systems, but was unable to uncover a simple
model. West and Schlesinger (1990), Crovelli and Barton (1995) attempted
to explain the fractal patterns as a result from complex lognormal phenom-
ena occurring when several plays were combined. Charpentier et al. (1995)
compiles a biography of relevant studies and literature. Unfortunately, there

L= (5.20)
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is no theoretical basis for the generation of these observed patterns of dis-
coveries. It can only be shown that there are strong statistical relationships
present in the observed distributions of discovered fields.

For obvious reasons, it is impossible to extract more oil than discovered
and these patterns will naturally affect the production to some extent. There-
fore, the areas enclosed by the discovery curve and the production curve
from time = 0 and time = oo must be identical. Hubbert (1959) assumed
that production trend mirrors the discovery trend, but such a simplified ap-
proach ignores the effects of politics and socioeconomic factors. However,
paper VI showed that a declining size of discoveries alone, with all other
things being equal, will cause a production peak.

5.2.5 Prey-predator models

One of the most solid theoretical explanations of the general depletion
mechanism can be performed using frameworks taken from biology, eco-
nomics and ecology. The depletion mechanism for coal (and oil) can be
explained in terms of the biological predator-prey model, as originally de-
veloped by Lotka (1926) and Volterra (1926) for describing simple biologi-
cal systems. It has also been applied in economics in “free access” systems
(Clay and Wright, 2003), in particular fisheries (Smith, 1968; Niwa, 2006;
de Souza and de Carvalho Freitas, 2010).

This simple model deals with two main variables, resources and capital
(i.e. prey and predators). The amount of available resource may be defined
as the resource stock, while the amount of economic and energetic resources
(i.e. equipment, land, knowledge, human work etc.) being utilized in the
exploitation can be called the capital stock.

Capital and resources dynamically interact with each other just as preda-
tors and prey would in the Lotka-Volterra model for biological systems. The
resource (the prey) that can be extracted is proportional to the available capi-
tal (the predators), which in turn is proportional to the available resources. A
feedback relationship between two variables describes the production or
extraction of the resources.

This is plausible as the more equipment (e.g. oil rigs or coal mining ma-
chines) is available, the more resources can be extracted or produced. The
income from the extraction process can be used to construct more capital and
equipment. On the other hand, there must be something to extract and logic
dictates that oil rigs and coal mining equipment is not constructed unless
there are available resources. This is simply the core of the feedback mecha-
nism. Implicitly, this assumption also implies that resources are “graded”
and that the “easy” resources will be exploited first. Simply, it does not make
any sense for producers to develop the most expensive formations first and
save the easy ones for later (Hotelling, 1931). A more comprehensive dis-
cussion can be found in Bardi and Lavacchi (2009).
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These assumptions can be expressed as two coupled differential equations
derived from the prey-predator model. The term describing the reproduction
of the prey is omitted, because fossil fuels are formed very slowly and a
finite resource in any practical applications:

,R = H (R (5.21)
C'=k,CR — k3C

Where R’ = resource flow, C’ = capital flow, R = resource stock, C =
capital stock, k; = constant describing extraction efficiency, k, = constant
describing how efficiently resources are transformed to capital, k3 = con-
stant describing how rapidly capital depreciates.

Peaking behaviour occurs in Lotka-Volterra models when the prey (or re-
source) is assumed to be non-renewable or replenished slowly. This is a re-
sult from the two internal feedbacks that control the model. One of them is
the positive feedback that comes from the investments of the profits gener-
ated by the resource extraction, while the negative feedback is the gradual
depletion of the easy, low cost resources. What generates the peak is primar-
ily not that the resource runs out, rather it is the financial/energetic capital
needed to extract it (Bardi and Lavacchi, 2009).

Depletion will render the exploitation costs higher and higher and at some
point it is no longer feasible for producers to invest the amounts necessary to
sustain production and a peak will occur. There is no exhaustion of a mineral
resource as Houthakker (2002) pointed out, and it rather becomes too expen-
sive to be worth extracting at some point. Normally the economic limitations
will prevent production long before the ultimate thermodynamic limits will
kick in and prevent coal or any other energy resource from being an energy
source once the net energy return (EROEI) become too low.

In the case of coal, this depletion can also be evidenced by direct physical
parameters, such as the decline in energy content observed for US coals
(VII). This is a direct example of how production has depleted the high
energy coals and was forced to move to deposits with lower energy content.
In essence, a decline in the net energy returns. Moving to lower quality de-
posits (more ash and sulphur or less energy) also equals a decline in eco-
nomic returns for the producer in normal cases.

Rodriguez and Arias (2008) showed that the depletion of reserves affected
extraction costs. The technological advancement in mining industry and the
cost reductions it caused were largely obscured by the decreasing reserve
levels and the increasing mining challenges imposed by depletion. This is in
agreement with the simple explanations based on the Lotka-Volterra model.

Assuming fixed values for the constants generates a nearly symmetric bell
shaped production curve, resembling the curves described by Hubbert and in
agreement with many historical patterns. Bardi and Lavacchi (2009) also
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showed that a simple Lotka-Volterra model fits well with widely different
economic systems where a mineral or biological resource is exploited, such
as oil production, gold mining or whaling. As a result, it works both as a
descriptive and predictive model.

Lotka-Volterra models can successfully explain the peaking behaviour in
both economic and energetic terms. If resources and capital is measured in
energy terms, the costs will be related to the EROEI-parameter (Equation
4.1). A more fundamental parameter than net energy return is hard to image
for energy sources, as they per definition must yield more energy than they
require to function.

Lotka-Volterra models without reproduction generate bell shaped curves,
where many of them are asymmetric. Consequently, it can replicate the re-
sults of many empirical curve fitting techniques, such as utilization of Hub-
bert, Gompertz or Gaussian curves, and explain the resulting behaviour in a
more appealing way. However, the Lotka-Volterra models is often more
complicated to apply, hence are simpler curve fitting approaches are often
favoured. Nevertheless, one should remember that the resulting production
patterns are similar. More discussion can be found in Reynolds (1999), Bardi
(2005), or Bardi and Lavacchi (2009).

5.2.6 Complex models

The advantage of the Lotka-Volterra model is that it has a firm theoretical
basis and is easy for the human mind to grasp. However, this simple model
does not include more complicated interactions such as legal issues, trans-
portation bottlenecks or transferring of resources from one sector to another
(using nuclear electricity to extract oil etc). For example, coal production
costs increased severely (~400%) between 2000 and 2008, driven by major
increases in production, freight rates and such (Indonesian Ministry of En-
ergy and Mineral Resources, 2009). This gives some feeling for the magni-
tude of the events caused by such factors.

More complex models are obviously needed for a complete description of
an energy system, such as the system dynamics models used by the Club of
Rome (Meadows et al, 1972), various world energy models used by the IEA
and other agencies, or academic models such as the real world mineral ex-
ploitation model developed by Mohr and Evans (2009).

It should also be noted that critics claim that simple curve fits do not ac-
count for technological or economic factors as possible supply-expansion
mechanisms in comparison to more complex modelling. However, such fac-
tors are naturally included in the historical data on which the estimates are
based and they are therefore included implicitly (Hotard and Ristroph,
1984). For some reason, critics commonly overlook this fact.

Paper X shows that complex models more or less give the same results as
simple curve fits for coal production if both models are subjected to similar
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constraints. A simple logistic curve model was compared with a holistic
model capable of including supply/demand interactions, mine expansions
and upgrading and other socioeconomic factors. However, the differences
were small. The most notable difference was that the complex model yielded
a more asymmetric production pattern (X).

A system dynamics model capable of including additional investment into
exploration, improvement of recovery rate, and other factors was developed
(Tang et al, 2010). Also in this case, the results of the system dynamics
model did not differ significantly from a forecast based on traditional decline
curve analysis.

5.3 General remarks on production modelling

The naturalistic approach to science tells us that the natural laws for sure will
be triumphant over economic or juridical laws in the end. Gravity, viscosity,
thermodynamics and other intrinsic properties of reality are always present.
In other words, it is impossible to extract oil faster than physically possible.
For obvious reasons, it is likewise impossible to extract more of a resource
than geologically available. This knowledge can successfully be used to
separate realistic scenarios from unrealistic ones.

The economist Adelman (1990) has stated that the amount contained in
the earth is an irrelevant non-binding constraint to production and the
amounts left in the ground are probably unknowable but surely unimportant
and of no economic interest. This is only correct in the very limited sense
that we will never recover the very last amounts of coal, oil or any other
resource from the earth, implying that the ultimate recovery is undefined and
governed by non-geological circumstances. However, the recovery factor
might be undefined, but it does not make it unlimited. It is bound between
zero and 100 percent of the crustal abundance, which is clearly defined but
not known exactly. Thus, the fact that the recoverable amount is “undefined”
and unknown cannot be an argument against the existence of a production
peak at some point or the future production limitations imposed by the in-
herent finite nature of coal, oil or other non-renewable resources.

Recoverable volumes are affected by many factors, making them dy-
namic. Higher prices, new exploration or improved technology yield in-
creased recoverable amounts. In a similar way, increased freight rates, ex-
traction costs or introduction of various restrictions can decrease recoverable
volumes. Likewise, political influences can greatly influence demand pat-
terns.

Studies have analyzed some of these relationships between the different
factors affecting production. For example, several analyses have shown that
depletion can make up for technological progress in the industry (Livernois,
1988; Tilton, 2003; Rodriguez and Arias, 2008; Topp et al., 2008). Integrat-
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ing all factors explicitly requires a complex and holistic model, although
they can also be studied more implicitly through their past influence on time
series.

Complex models are naturally important for accurate projections of trends
and holistic description of production patterns. However, predicting future
economic or political trends or socio-political policies can be very hard and
projections may easily lead to misleading results if those factors are in-
cluded. Overfitting and the problem of exaggerating noise may also easily
occur in complex models with many variables. The problem of error propa-
gation can also be significant, especially if the input data is of poor quality
which is common for many energy resources. In comparison, estimating
geological resources and physical factors affecting production are easier and
less dependent on the changing whims of society. When looking for general
long-term trends, simple models are often preferable.

Soderbergh (2010) expands the discussion somewhat and highlights how
economists have harshly criticized resource constrained models. Sadly, the
critics of resource-constrained models fail to present any useful alternatives.
Simple extrapolation is proposed by both Simon (1996) and Lynch (2003) as
plausible tools for long-term outlooks. However, such approaches cannot be
plausible as they do not include the physical reality of the finite nature of
hydrocarbons. Any sensible model must include the fact that fossil fuels are
finite resources. Therefore, resource constrained models materialize as one
of few tools available for forecasting (IV).

Every model has their advantages and also some drawbacks. Production
of coal and oil is the result of a complex series of forces which include phys-
ics, technology, economics and social parameters. There are no outstanding
or ultimate models for projecting future production of finite resources. How-
ever, models that fail to integrate the physical reality or are unable to agree
with observed phenomena are seldom suitable for application. Modis (2007)
concluded that the forecaster’s ultimate test is the accuracy of the forecast,
not the easiness or elegance of the method used.
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6. Concluding remarks

What can the concept of depletion and its study through natural science tell
us? The research behind this thesis has been performed using both empirical
studies and statistical analysis of observed phenomena aimed at better de-
scribing depletion and how it may affect future production patterns. Other
parts of the studies have been devoted to prediction and attempts to use
physical or mathematical models to project how future production trends
might behave.

Papers I-VII has all included compilation and analysis of observed phe-
nomena in oil production and oilfields. From these studies, a solid founda-
tion for typical production behaviours, events and patterns were established.
Quantifying typical decline rates, life times, development patterns and simi-
lar is essential for realistic descriptions and models. There is simply no subs-
titute for real-world experience to gain insight into what might happen in the
future.

This was later combined with physical models and used to predict possi-
ble production outlooks and for making plausible projections into the future.
This was chiefly done by decline curves, but depletion rate analysis was also
employed. Papers I-III, V, and VII have made detailed field-by-field studies.
In contrast, papers IV and VI were more focused on regional modelling.

It proved rather difficult to obtain relevant time series for single coal
mines, so the field-by-field approach could not be directly used for coal.
Acquiring regional or national data were much easier and as a result the
analysis and forecasting were largely centred on aggregated data. The coal
papers relied on general curve fitting models (VIII-X) and depletion rate
analysis (IX).

6.1 General findings

The present dominance of giant oilfields and their disappointing discovery
trend (II), along with the relatively rapid decline rates (II) together indicate
that there are significant challenges for future oil production. Just offsetting
the decline in existing production would require a new production capacity
of something like 5 new Saudi-Arabia over the next 20 years (VI).

Typical and quantitative parameters for oilfield behaviour have also been
established, such as decline rates, life times and depletion rates. Bentley and
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Boyle (2007) concluded that studies based on quantitative data are the most
reliable. Therefore, it is likely that the results from papers [-VII will be of
use to modellers and forecasters working with prediction of future oil pro-
duction. These quantitative results will be beneficial for understanding and
correctly describing oil production on both field and regional level.

The development of the depletion rate analysis methodology from both
empirical and theoretical foundations is a promising new angle for quantita-
tive resource studies. However, this approach is still in its early stages and
will continue to be further developed in the future. Paper IV and VII showed
that depletion rates could be useful for forecasting.

UKERC (2009) summarized and evaluated many hundreds of studies on
future oil supply and concluded that there is a significant risk that the world
will experience a relatively imminent production peak. The general result of
all oil related papers (I-VII) is that physical modelling shows that there is a
significant challenge with future oil supply. Consequently, the results of this
thesis agree well with the growing body of scientific evidence for oil produc-
tion limitations. In addition, these results also help to reinforce the stand-
point that argues that the present dependence on oil is unsustainable and that
business-as-usual is an unreasonable option for the future.

Neither should coal be seen as an everlasting pillar in the global energy
system. Paper VIII-X highlighted how it is easy to misunderstand different
resource and reserve classifications and that it is only the recoverable vol-
umes that matter for future production. Coal-in-place estimates are generally
poor indicators of what amounts that actually can be extracted and used (IX).

Special studies on the USA have shown high dependence on a few states
(VIIL, IX). On a global scale, both coal reserves and production are focused
in a few countries (X). This essentially mimics the dominance of giant oil-
fields seen with petroleum. Depletion rate behaviour also tends to be similar
to the patterns observed for oil (IX), indicating that this is something to in-
vestigate further as a seemingly viable general approach to resource deple-
tion problems.

Regarding future production of coal, the modelling indicates that produc-
tion limitations may occur sooner than many anticipate. These results were
obtained both for the USA (VIII, IX) and the world (X). In conjunction with
another study on coal liquefaction (H66k and Aleklett, 2010), it appears that
coal-derived fuels will be unable to bridge the gap due to diminishing oil
supply. The fall of one of the Dark Monarchs will not automatically be alle-
viated by the rise of the other. In the light of resource depletion and the
awareness of the need for natural resources for continued well-being of soci-
ety and mankind, sensible handling of the remaining coal and oil resource
and proper resource management should be a factor of importance for future
planning.
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6.1.1 Connection to energy security

The present dominance and dependence on coal and oil along with natural
gas will also make the issue of resource depletion strongly connected to en-
ergy security. Globalization has been fuelled by cheap and abundant energy,
traded as a commodity in a free market. Increasing conflict over scarce en-
ergy would undermine the very foundations of the world-wide social, eco-
nomic, and political normalization processes that have been observed over
the past few centuries. It is not surprising that concern has been expressed
regarding potential energy shortages, insecurity of supply and price volatility
by various researchers, agencies and organizations.

The Lloyd's insurance market and the highly regarded Royal Institute of
International Affairs (often better known as Chatham House) recently said
that business is underestimating the catastrophic consequences of declining
oil supply (Lloyds, 2010). An industry taskforce on peak oil and energy se-
curity, consisting of six UK companies, also concluded that peak oil was an
urgent, clear, and present challenge (ITPOES, 2008; 2010). The US military
also foresee a massive oil crunch is inevitable without massive expansion of
production and refining capacity (JOE, 2010). By 2012, JOE (2010) claims
that surplus oil production capacity could entirely disappear, and as early as
2015, the shortfall in oil output could reach nearly 10 Mb/d. This is similar
to the results reached in, for instance, paper VI.

Paper V is another example of how depletion studies directly tie into en-
ergy security in Sweden. The depletion of North Sea oil (I, V) will greatly
reduce European production capacity. In addition, countries previously de-
pendent on Norwegian or Danish oil will be forced to rely on other suppliers
that are generally less stable and located further away. OPEC will inherently
rise in importance due to the fact that most of the worlds remaining oil is
located within the Arab world (BP, 2010).

Historical cases, such as North Korea and Cuba, have also shown some
examples of how countries handled oil shortages in the past (Friedrichs,
2010). The predatory militarism of Japan in early 20™ century, discussed in
chapter 2, is an excellent example of how resource-poor countries could
choose to handle resource shortages caused by depletion in the future. The
US military also points out that the turmoil from the Great Depression in the
1930s spawned a number of totalitarian regimes that sought economic pros-
perity for their nations by ruthless conquest (JOE, 2010).

Limited availability of fossil fuels will likely have huge effects on social
and economic systems, no matter when the actual peak arrives (Czlcz et al.
2010). Curtis (2009) also concluded that increased oil prices and decreasing
petroleum supply would alter trade flows and their geography. Conse-
quently, proper understanding of how, when and where resource depletion
will affect the world is essential for tackling these kind of issues and main-
taining a working economy, peace, and security.
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6.1.2 Connection to anthropogenic climate change

The World Meteorological Organization (WMO) and the United Nations
Environment Program (UNEP) established the Intergovernmental Panel on
Climate Change (IPCC) in 1988. Its task is to assess scientific, technical and
socio-economic information relevant for understanding anthropogenic cli-
mate change. The results have been published in several assessment reports
and some special reports over the years (IPCC 1990; 1995; 2001; 2007). The
IPCC has been using a set of scenarios, describing future development of
society and emissions, to assess future climate change through various cli-
mate models.

Nearly 60% of the man-made emissions originate from CO, from fossil
fuel use, while the remainder derives from mostly deforestation and agricul-
ture (HoOk et al., 2010b). The Special Report on Emission Scenarios (SRES)
is the basis for future GHG emissions in IPCC climate models (SRES,
2000). It features a set of scenarios, which are not compatible with the possi-
bility that the recoverable volumes of fossil fuels and reasonable extraction
rates may rule out several scenarios as physically impossible. Despite the
obvious relevance of peak oil to future anthropogenic emissions it has re-
ceived little attention in the climate change debate (Kharecha and Hansen,
2008), and neither has depletion of other resources been discussed, especial-
ly in this context.

In fact, there is a significant disagreement between the future fossil fuel
production scenarios used by the IPCC and studies on resource depletion.
For example Laherrere (2001) and Sivertsson (2004) compared the [PCC
emission scenarios with technical data and found them overly optimistic on
future oil supply, both regarding conventional and unconventional oil and
showed major anomalies between all the 40 scenarios in SRES.

Rutledge (2007) expanded this analysis by including coal and came to the
conclusion that the cumulative energy production and CO, emissions from
coal, oil and gas would be less than any of the scenarios used by the IPCC.
Studies on future coal production levels (Energywatch Group, 2007; Mohr
and Evans, 2009; Patzek and Croft; 2010) and coal-to-liquids (Milici, 2009;
Hook and Aleklett, 2010), are also in disagreement with many of scenarios
in SRES. Paper X also highlights this problem in its comparison with the
coal production outlooks from SRES.

Czlcz et al. (2010) also showed that peak oil is also a major and underes-
timated challenge for ecological integrity. Human activities strongly affect
global ecological changes, and social regime shifts definitively will induce
ecological alteration. Therefore, depletion of fossil fuels should be taken
seriously and must definitively be integrated into anthropogenic climate
change studies and environmental policies.
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6.1.3 Connection to sustainability

Given the fundamental importance of energy, it is essential for society to
find lasting and practical energy sources. Without energy, mankind would
not be able to achieve anything. The present global energy system is domi-
nated by fossil fuels, chiefly oil and coal. However, an often forgotten fun-
damental truth is that a transition to new energy sources also requires energy.

This was discussed by Moriatry and Honnery (2009) that concluded that
fossil energy would need to power the transition to renewable and alternative
energy sources. The effect this has on fossil fuel reserves will depend largely
on the size and speed of this transition, since the fossil fuel energy used will
be additional to that already in use to maintain the present system. If changes
to climate necessitate a shift to alternative and/or renewable energy within
the next decade, this shift would not only hasten depletion of fossil fuels, but
could also hasten climate change. If the shift to alternative and/or renewable
was powered by non-fossil energy alone, it is likely the rate of change would
be too small to significantly alter the situation in the foreseeable future.

Continued oil dependence is environmentally, economically and socially
unsustainable (IEA, 2008). Likewise, the increasing impact from coal min-
ing puts a strain on both local and global systems. Few can argue that the
interaction between mankind’s increasing exploitation of the earth and ex-
traction of finite resources is a path towards sustainability.

Peak oil theory is actually a kind of development theory rather than a cri-
sis theory (Zhao et al., 2009). Perhaps what is needed is to accept the even-
tual depletion of oil sooner or later and to develop alternative energy while
limiting populations and their excessive material aspirations to realize sus-
tainable development of society. If mankind does not adopt that path through
our own planning, it will inevitably be imposed upon us by nature, probably
in a much less desirable way.

The acceptance of the eventual depletion of oil and intrinsic limitations in
the extraction of other fossil fuels is a first step towards accepting the limits
to growth imposed by nature. Conceptually, this shouldn’t be too hard due to
the fact that the earth is a finite sphere and a limit to all human activities
within its boundaries.

The present conviction that economic growth can be supported indefinite-
ly by a finite earth is deeply rooted and resembles religious belief (Lloyd,
2009). Observations and studies based on the naturalistic approach to science
obviously disagree with certain visions of the future. Accepting reality is and
should be vital for mankind. This is perhaps best captured in a quotation
from Carl Sagan about the geocentric model.

“When Kepler found his long-cherished belief did not agree with the most
precise observation, he accepted the uncomfortable fact. He preferred the
hard truth to his dearest illusions; that is the heart of science.”
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6.1.4 Directions for future work

Natural resources are vital in supporting the continued well-being of the
world’s population and for paving the way towards a better future. Conse-
quently, future studies on resource depletion are needed. The work behind
this thesis is only a short passage in the mighty volumes of resource physics
and the study of global energy systems.

For future studies, there are indeed many directions ahead. Similar studies
as the ones made in paper I-X could be done for new countries and regions.
Meticulous and reliable studies are vital for planning and decisive action in
the light of resource depletion. There is so much work remaining to be done.

Additional work on quantifying and infusing physical or thermodynamic
limits to energy systems could also be pursued. However, the greatest un-
charted regions lies perhaps in further investigation of the depletion rate and
how it can be used for both descriptive and predictive modelling. Much ef-
fort ought to be invested in systematising and structuring these concepts.

Finally, a few words from the great master Leonardo da Vinci:

“A work of art is never completed, only abandoned”

6.2 Final notes

If we take a lamp and shine it toward the wall, a bright spot will appear on
the wall. If the lamp is the search for truth and for understanding, one should
not assume that the light on the wall is the truth as too many often do. The
light is not the goal of the search; it is rather the result of the search. The
more intense the search is, the brighter the light on the wall will be. The
brighter the light on the wall, the greater the sense of revelation upon seeing
it! Similarly, someone who does not search, who does not bring a lantern
with him, sees nothing. For what we perceive as truth, is the by-product of
our own search. It may simply be an appreciation of the light, pure and un-
blemished, not understanding that it comes from us.

Sometimes we stand in front of the light and assume that we are the cen-
ter of the universe. If we allow ourselves to get in the way, we defeat the
purpose; which is to use the light of our search to illuminate the wall in all
its beauty - and in all its flaws. And in so doing, we also gain a better under-
standing of the world around us. There is namely one thing even more vital
to science than intelligent methods or accurate data; and that is the sincere
desire to search for the truth, whatever it may be.

However, the saddest aspect of life right now seems to be that science
gathers knowledge faster than society gathers wisdom to use the knowledge.
To paraphrase M. King Hubbert, it appears as if our ignorance is not as vast
as our failure to use what we already know.
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7. Summary in Swedish / Sammanfattning

Kol och olja har en central roll i det globala energisystemet och star tillsam-
mans for néra tva tredjedelar av all energi som samhillet anvinder. Dessa
fossila brénslen &r dven oersittliga for transporter, elférsdrjning och mycket
annat. Detta aterspeglas inte minst genom deras framtrddande roll i den in-
dustriella revolutionen och uppbyggandet av det moderna samhaéllet.

Dessvirre dr bade kol och olja dndliga resurser som bildas under langa
geologiska tidsrymder. Detta sétter naturliga granser for de produktionsprofi-
ler som utvinningen av olja och kol kommer att folja, eftersom det dr omoj-
ligt att utvinna mer &n vad som &r geologiskt tillgéngligt. Att studera den
utvinningsbara resursméngden samt hur den foréndrats genom tiden &r darfor
fundamentalt for att forstd hur framtida produktion kan utvecklas.

Utarmning (eng. depletion) dr en central fraga for framtida produktion.
Detta har medfort att flertalet hogkvalitativa och lattexploaterade formatio-
ner har tdmts medan mer svarutvunna reserver dterstar for framtiden. Mins-
kad fyndtakt av gigantfilt sa vdl som minskat energiinnehéll i det producera-
de kolet &r indikationer p& utarmningen av vérldens kol- och oljetillgangar.

Minskad produktionstakt hos oljefélt kan knytas till tomningstakten av de
utvinningsbara resurserna och dirigenom dven till de fysikaliska lagarna som
styr floden 1 oljefdltet. Denna avhandling forklarar samt visar att det finns
signifikanta skél att vénta sig utmaningar for framtidens energiférsorjning.

Runt 60 % av vérldens totala raoljeproduktion kommer fran runt 330 gi-
gantiska oljefélt och flertalet av dessa har redan passerat sina toppnivéaer for
att numera uppvisa en avtagande produktion. Liknande mdnster kan ses i
flera enskilda ldnder s& som Norge, Danmark och Kina. Minskningstakten i
befintlig oljeproduktion ar runt 6 % arligen och det har visats att detta sanno-
likt inte kan kompenseras av nya oljefilt, okonventionellt petroleum eller
dylikt. Med andra ord dr kronet av oljeéldern hér.

Liknande monster kan &ven observeras for kolproduktion, d&ven om det ar
svarare att knyta allting direkt till naturlagar. Daremot visar indirekta for-
klaringsmodeller ocksd hur produktionen nir en maximal nivd och sedan
avtar. Detta stods dven av en lang rad empiriska exempel. Rorande kol
kommer drygt 90 % av vérldens produktion fran endast 6 lander. Osédkerhet
rorande storleken pé de utvinningsbara resurserna gor det svarare att placera
tidpunkten for den maximala kolproduktionen, men den intréffar uppskatt-
ningsvis inom ett par artionden.
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Det moderna samhéllet &r byggt kring tillgdngen pa framst billig och
lattillgédnglig fossil energi. Studierna bakom denna avhandling har visat att
detta inte dr ett rimligt scenario i langre tidsperspektiv och att business-as-
usual dr orealistiskt och ohallbart. Analyser indikerar att de globala produk-
tionstopparna for bade kol och olja kan forvéntas relativt snart. Detta har
signifikanta konsekvenser for den globala energiforsorjningen och éven for
samhéllet, ekonomin och miljon. Oljetillgangar dr exempelvis avgorande for
internationella transporter och dirigenom hela globaliseringen. Slutsatsen ar
foljaktligen att utmaningarna for framtida produktion och deras inverkan pa
samhillet inte ska tas l4ttvindigt.
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