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Abbreviations 

AAPG  American Association of Petroleum Geologists, international 
association of professional geologists working in the petro-
leum or energy minerals fields 

ASPO Association for the Study of Peak Oil & Gas, a network of 
scientists and experts devoted to petroleum depletion 

API  American Petroleum Institute, U.S. trade organisation for oil 
and gas industry 

BGR Bundesanstalt für Geowissenschaften und Rohstoffe, the 
German Federal Institute for Geosciences and Natural Re-
sources 

barrel Volumetric unit of 158.9873 litres (42 US gallons) commonly 
used as a unit of measure for crude oil and petroleum products 

bpd  barrels per day [b/d], common unit for measuring production 
DAP  Depletion At Peak, the depletion rate of remaining recover-

able resources that occur when the onset of decline is reached 
for a oilfield 

CERA Cambridge Energy Research Associates, consulting firm spe-
cialized in advising companies and governments on energy 
markets, geopolitics, industry trends and strategy 

EIA  Energy Information Administration, independent statistical 
agency within the U.S. Department of Energy devoted to pro-
viding policy-independent data, forecasts and analysis 

EUR Estimated Ultimate Recovery, synonym to URR 
Gb   Gigabarrels, equivalent to one billion barrels 
IEA   International Energy Agency, intergovernmental energy or-

ganization founded by the Organisation for Economic Co-
operation and Development (OECD)-countries  

Mtoe Energy released by burning a million tons of oil equivalents, 
equal to 42 PJ or 42*1015 J  

NGL   Natural Gas Liquids, liquid side products from natural gas 
processing 

NGPL   Natural Gas Plant Liquids, same as NGL 
NPD   Norwegian Petroleum Directorate 
OIP   Oil In Place, all oil present in an underground structure 
OIIP   Oil Initially In Place, synonym to OIP and OOIP 
OOIP   Oil Originally In Place, synonym to OIP and OIIP 



 

OPEC   Organization of Petroleum Exporting Countries, an intergov-
ernmental organisation of the worlds dominating oil exporting 
countries 

RF Recovery Factor, the recoverable percentage of OIP 
SPE Society of Petroleum Engineers, professional organisation 

engineers, scientists, managers and educators in the oil and 
gas exploration and production industry 

tce Energy released by combustion of a Ton of Coal Equivalents, 
equal to approximately 30 GJ or 30*109 J 

toe Energy released from burning a Ton of Oil Equivalents, equal 
to approximately 42 GJ or 42*109 J 

URR   Ultimate Recoverable Resources, the upper limit for cumula-
tive production 

USGS United States Geological Survey, scientific agency in the U.S. 
government devoted to geosciences and natural resources 
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1. Introduction  

Oil is the black blood of the earth which runs through the veins of the mod-
ern global energy system. Coal is the equally black flesh of the earth which 
makes up the spine of the worlds power grid. Together they account for over 
60% of all energy annually used by mankind. In some senses, these two 
Dark Monarchs can be seen as the black soul of the modern society.    

Combustion of these fuels releases energy in immense amounts and can 
drive a wide array of machines, tools and processes. Oil and coal can also be 
broken down and used as a feedstock in a wide range of chemical processes, 
providing everything from medicines to plastics. They bring wealth and po-
litical influence to those who control them. In essence, they are a manifesta-
tion of power in the truest sense of the word.  

The rise and coming fall of the two Dark Monarchs is considered as this 
thesis will take the reader on a journey through the black realms of fossil 
energy and the mesmerizing shadow cast over the global energy system.  

1.1 Thesis disposition 
The text is composed as follows:  

Chapter 2: The dark saga begins 
The rise of the two Dark Monarchs and the present dependence of fossil 
fuels are presented in a historical context.  

Chapter 3: A sequel of decay 
This chapter provides an overview of the nature of coal and oil deposits and 
extraction techniques. This is necessary to understand the physical limita-
tions and parameters that will shape the production patterns of the future.  

Chapter 4: Approaching the problem 
This chapter gives a synopsis of the naturalistic approach to science and 
physical analysis of the phenomena occurring in reality. It also contains dis-
cussions on data gathering, data analysis and numerical methods employed 
throughout the writing of papers I-X.  
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Chapter 5: The concept of depletion 
This chapter present the depletion concept and different direct and indirect 
methods to describe it and use it for prediction.  

Chapter 6: Concluding remarks 
This chapter will briefly attempt to capture the general results of papers and 
how they fit into the greater picture. For a detailed description of the find-
ings in each individual paper, the results and conclusions of papers I-X 
should be read.  

Chapter 7: Summary in Swedish / Sammanfattning 
This chapter is a very short summary in Swedish about the findings and re-
sults of this thesis and the papers it contains.  

1.2 Introduction to papers 
This thesis is built around ten papers on coal, oil and their role in the global 
energy system. A common theme is forecasting and analysis of the typical 
production behaviour. Paper I-VII deals with oil, while paper VIII-X deals 
with coal. All papers are briefly introduced below.   

Paper I: A decline rate study of Norwegian oil production 
Norway has been one of the two major producers in the North Sea as well as 
the world’s third largest oil exporter. The Norwegian Petroleum Directorate 
makes all relevant data officially available, thus making Norway an ideal 
country for testing models or analysing historical trends. The modelling 
made a comprehensive analysis of all parts affecting future oil production 
and attempted to provide a realistic forecast by including estimates of undis-
covered volumes as well as the addition of new field developments. The 
analysis also showed that production was dominated by giant fields, just as 
earlier shown by Robelius (2007). It was found that the giant fields tend to 
decline at lower decline rates than other types of fields in Norway. The field-
by-field analysis framework was shown to be successful and later came to 
serve as a raw model for other studies.  

Paper II: The evolution of giant oil field production behaviour 
Building on the framework established in paper I, this study investigated the 
world's giant oilfields, since they are by far the most important contributor to 
world oil supply. A comprehensive database with more than 300 giant fields 
was used to determine typical decline rates, depletion rates and other inter-
esting properties. The evolution of those parameters was studied to obtain an 
impression of how they changed with introduction of new technology and 
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changes in production strategies. This also provides a reasonable basis for 
estimating how future behaviour might unfold. Furthermore, the analysis 
also uncovered a strong correlation between depletion rate and decline rate, 
indicating that a high extraction rate of the recoverable volumes will result in 
rapid decline. Potential differences between land and offshore production 
and OPEC/non-OPEC production were also investigated. The production 
peak in the world’s giant oil fields was also found to occur well before half 
of the ultimate reserves had been produced. Papers II also found that only a 
relatively narrow span of depletion rates was possible for giant fields before 
they reached the onset of decline, in other words a maximum depletion rate. 
For single fields, this was called the Depletion-rate-at-peak (DAP) and later 
turned into a forecasting tool in subsequent papers.  

Paper III: Giant oil field decline rates and their influence on world oil 
production 
This paper can be seen as a sister-study to Paper II and focused primarily on 
decline rates of giant oil fields and how they influence the global production. 
Over the years, many analysts have tried to estimate a typical decline in ex-
isting oil production and this paper performed such a study based on giant oil 
field data. The results were also compared with other major studies. The 
results also showed that the Uppsala giant field database is well in line with 
the ones used by the IEA or CERA. This was reflected by the recent study 
performed by UKERC (2009). Studies on mean and aggregate decline rate of 
the giant oil field population were also performed.  

Paper IV: How reasonable are oil production scenarios from public 
agencies? 
The maximum depletion rate model is a simple resource-constrained ap-
proach that has been around since the late 1970s. However, no forecaster has 
actually described the foundations of the model, its strengths and caveats, 
what choices can be made and how they affect the result. This paper de-
scribed and analyzed the model in detail. This paper also defended resource-
constrained modelling and concluded that they are the only plausible ap-
proaches for long-term outlooks. A methodological framework for the 
maximum depletion rate (MDR) model was also established and found to be 
in good agreement with empirical data from individual field and also shown 
to be at least equally good as other regional models. A correction of the 
methodological errors done by the EIA also puts into question the basis for 
the conclusion that global “peak oil” would not occur before 2030.  

Paper V: Future Danish oil and gas export 
This paper includes a comprehensive overview of decline curve analysis. It 
also contained a field-by-field analysis of the Danish oil and natural gas 
fields. The analytical framework was updated by the inclusion of hyperbolic 
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decline curves and more rigid mathematical descriptions. Expected future 
production was compared with the forecasts from the Danish Energy Au-
thority and found to be in agreement. Denmark is a major oil supplier to 
Sweden and the consequences for Sweden’s future oil imports were also 
briefly discussed.   

Paper VI: The Peak of the Oil Age – analyzing the world oil production 
Reference Scenario in World Energy Outlook 2008 
The assessment of future global oil production presented in the IEA’s World 
Energy Outlook 2008 is divided into 6 fractions; four relate to crude oil, one 
to non-conventional oil, and the final fraction is natural-gas-liquids (NGL). 
This paper summarizes findings from earlier studies and applies the deple-
tion rate of remaining recoverable resources to analyze the fractions studied 
by the IEA. An agreement was found for the contribution from existing pro-
duction, while there were significant differences in the production outlooks 
from undeveloped and undiscovered volumes. Using depletion rate method-
ology, it was shown that the outlook from the IEA only could be fulfilled if 
unreasonable depletion rates were used.  

Paper VII: Development journey and outlook for the Chinese giant 
oilfields 
Over 70% of the domestic oil production in China originates from just nine 
giants. This study utilizes decline curve and depletion rate analysis to inves-
tigate the Chinese giant oilfields. Comprehensive studies of the production 
techniques utilised also highlight a widespread use of aggressive water 
flooding and enhanced oil recovery methods that may be masking increased 
scarcity. This paper also employed the DAP-parameter for prediction of 
when plateau production levels would end, thus applying depletion rate 
analysis for prediction. The general conclusion was that a significant drop in 
domestic production could be expected and that China must seek sound 
countermeasures to this impending problem. The conclusion is that a signifi-
cant drop in production from the Chinese giant oilfields can be expected in 
the future and that it will be challenging to offset this decrease by new pro-
duction.  

Paper VIII: Historical trends in American coal production and a 
possible future outlook 
The USA can be called the Saudi-Arabia of coal and possesses the world’s 
largest coal reserves. Long time series with production data are also avail-
able, making the USA an ideal candidate for studying long-term coal pro-
duction behaviour. It was established that the coal was largely concentrated 
in a few states, i.e. mimicking the giant oilfield dominance seen in oil analy-
sis. Dramatic reductions in reported recoverable reserves were found and 
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analyzed. Finally, a logistic model was used to create different outlooks for 
future US coal production. 

Paper IX: Trends in U.S. recoverable coal supply estimates and future 
production outlooks 
Paper IX expanded the analysis made in paper VIII and investigated the 
causes behind the reported reserve reductions in greater detail. How devel-
opment outlooks of available coal volumes for production may appear is also 
discussed in the light of future energy policies, technology change, and fu-
ture prices. The modelling was improved by depletion rate analysis and the 
use of Gompertz curves to complement the logistic model. However, the 
general conclusion was still that production limitations in US coal produc-
tion could appear sooner than many anticipated.  

Paper X: Global coal production outlooks based on a logistic model 
This study highlights how the world’s available supply of coal is concen-
trated in a small number of countries, i.e. the Big Six. Historical trends in 
global resource and reserve estimates were studied from the early 20th cen-
tury to the present. A logistic model was used to create long-term outlooks 
for future global coal production based on different assumptions. The result 
implies that global peak in coal production can be expected between 2020 
and 2050, essentially depending upon estimates of recoverable volumes. The 
results were also compared with projections from the EIA, the IEA, and the 
emission scenarios used by the IPCC. 
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2. The dark saga begins 

“The Wheel of Time turns, and Ages come and pass, leaving memories that 
become legend. Legend fades to myth, and even myth is long forgotten when 
the Age that gave it birth comes again.” – Robert Jordan 
 
In other words one may state that “nothing lasts forever”, as countless bards 
and poets already have announced since the dawn of time. Mythology and 
history are filled with epic tales about the rise and fall of individuals, clans, 
kingdoms, or even empires. The ascension and demise of large dominions, 
such as the Akkadian, Roman, Mongol, Arab or the British Empire, are col-
ourful chapters in the history of human civilization.  

On a chronological plane, epochs and ages have passed as the Wheel of 
Time has turned. The Stone Age was succeeded by the Bronze Age, fol-
lowed by the Iron Age and so on. Each new age reflected the rise of new 
technologies, conditions and cultural expressions. Currently, the world is in 
an age that may be called the Hydrocarbon Age. Nearly all energy is derived 
from fossil fuels and they dominate the present world.  

How did this come to be? What events lead to this present dependence on 
fossil energy? How did the two Dark Monarchs, coal and oil, rise to power? 
There are many colourful individuals, adventures and trials along the road 
leading up to the present.   

The historical paths that have been travelled must be taken into account to 
fully understand the present and how the future might unfold. The Chinese 
philosopher Confucius once said the following:  

 
“Study the past to define the future” 

 
In the light of Chinese wisdom, this chapter will briefly attempt to present 

the astounding saga around which events unfurl shaping modern society and 
the rise of the two Dark Monarchs. 
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2.1 Taming the dark flames of coal   
The story of the dark twins, oil and coal, and their role in the present actually 
begins many hundreds of years ago, with the rise of mechanization and in-
dustry. It is from here the dark saga of the present society’s dependence on 
fossil energy, and the issue of peak oil and fossil fuel depletion, begins.  

The industrial revolution was a period from the 18th to 19th century that 
saw major changes in agriculture, manufacturing, mining and transportation 
that had a profound impact on the socio-economic and cultural conditions in 
the UK. Gradually, these changes spread to other European countries, North 
America and later the world. The dawn of the Industrial Revolution marked 
a most important turning point in human history. Almost every aspect of 
daily life was eventually influenced in some way. The most important event 
is undeniably the appearance of steam engines and the taming of the dark 
flames of coal.  

2.1.1 The genesis of mechanization  
The industrialized countries had previously been relying on manual labour, 
draft-animals or even slaves to power their economies and manufacturing. 
New innovations, brought to the world by an increasing number of engineers 
and scientists, made it increasingly possible to replace man and animal with 
machines. It began in the textile mills with machines such as the Spinning 
Jenny and other primitive devices. Thus the grand mechanization began.  

Already in early 18th century, Thomas Savery (1702) constructed a primi-
tive steam engine called the “Miners Friend”, capable of pumping water out 
of mines. Thomas Newcomen, James Watt and other steam-power pioneers 
all subsequently developed steam engines to drive pump water out of mines. 
Early steam engines quickly became more and more integrated with coal 
mining as coal production increased.  

The introduction of efficient steam engines, thanks to James Watt and 
other engineers, also played an important role in the development of the rail-
road, steam powered ships and machines. Soon different forms of powered 
machines became wide-spread and lead to significant increases in productive 
capacity.  

The use of steam-powered machinery demanded energy to feed the boil-
ers. At first, this was chiefly done through the use of firewood. However, the 
demand soon outpaced the available production of wood fuels. Deforestation 
became a problem and firewood prices increased. This made it possible for a 
new fuel to emerge as main provider of energy, namely coal. Coal was 
commonly cheaper and much more efficient than wood fuels in most steam 
engines.  
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2.1.2 In hollow halls beneath the fells 
Coal mining was still predominantly quite primitive at the beginning of the 
Industrial Revolution. At first, most mining were done from shallow pits or 
holes. In some places, coal was scraped from natural outcroppings. Increas-
ing demand forced miners and producers to venture deeper into the ground 
and to develop more advanced mining methods. The use of wooden pit props 
for roof support was first introduced on a large scale about 1800. 

A critical factor for mining safety was ventilation and the control of ex-
plosive and dangerous gases associated with coal seams. Mine gases were, 
and still are, a challenge to deep mining. German miners and mine engineers 
were brought to England in the 17th century to assist the development of 
deeper mines. Gases other than air in coal mines were collectively known as 
“damps” after the German word “dampf” for vapour. The explosive gases, 
mostly methane, were known as firedamp and accumulations could trigger 
explosions. Other dangerous gases were blackdamp (carbon dioxide), the 
foul stinkdamp (hydrogen sulphide), whitedamp (carbon monoxide), and the 
treacherously fatal afterdamp (carbon monoxide produced after firedamp or 
coal dust explosions). A great number of miners were lost in various damp 
accidents, mostly in firedamp explosions (Holland, 1841).   

The dangers of firedamp were a major challenge. In 1815, both inventors 
George Stephenson and Humphry Davy developed safety lamps that could 
provide light without the risk of creating explosive backblasts that ignited 
firedamp outside the lamp. Ironically enough, the discovery of safety lamps 
lead to an increase in mining accidents, as the new lamps encouraged work-
ers to enter areas that previously had been closed for safety reasons (Law-
rence, 1990). Protection against other mine gases used more exotic methods. 
Afterdamp was traditionally detected by its effect on caged canary birds, 
who succumb much more quickly than humans (Burrell and Seibert, 1914). 
More examples of coal mining dangers and deaths in history can be found in 
Crissman (1994). Steam-powered fans later helped to improve ventilation 
and reduce the issues with mine gases.  

Central and Northern Britain contained an abundance of coal that helped 
to make the prosperity of Lancashire, Yorkshire, and South Wales prior to 
1900. Similar development occurred in Pennsylvania in the USA and in the 
Ruhr-area in Germany. In the US, coal production doubled every tenth year 
until 1900 (VIII). Heavy industry, various stationary steam engines, railroads 
and steamboats became major consumers and coal production soared (VIII). 
By the beginning of 20th century, coal was the dominant energy source for 
mankind.  
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2.1.3 Crafting a dawn of steel 
Already in 1709, Abraham Darby had started to use coke derived from cer-
tain coals as a fuel in his blast furnace. The produced iron was of superior 
quality compared to iron derived from charcoal-fired metal works. The fine 
properties of coke compared to charcoal also allowed the furnaces to be 
taller and larger, which allowed inexpensive iron to be produced. Iron was 
still a relatively soft material and vastly inferior to steel, which can be more 
than a thousand times harder than iron.  

The modern era in steel-making began with the introduction of Henry 
Bessemer’s new process in 1858. The Bessemer process used pig iron as a 
raw material and could deliver steel in large quantities (Swank, 1892). Gil-
christ and Thomas were later able to improve Bessemer’s process by install-
ing basic material in the converter that allowed the removal of phosphorous.  

Sir Carl Wilhelm Siemens developed a regenerative furnace capable of 
recovering enough heat to reduce fuel consumption by 70-80% in the 1860s. 
Using this regenerative design, it was possible to reach high enough tem-
peratures to melt steel in open furnaces. However, Siemens did not use his 
design for this. In 1865, the French engineer Pierre-Emile Martin bought a 
license to use Siemens innovation and applied it to steel making. This gave 
birth to the Siemens-Martin process. The most interesting property of this 
process is that it allows rapid production of large quantities of basic steel as 
well as smelting and refining of scrap metal.  

The Bessemer process and the Siemens-Martin process must be specifi-
cally mentioned as important milestones in the rising dawn of steel and 
complemented each other well (Barraclough, 1990). The mass production of 
quality steel with these new technologies greatly reduced costs.  

In Germany, the first major coal mines started to appear in 1750s. The 
Krupp Family, a 400-year dynasty of steel producers and arms manufactur-
ers, began operations near Essen in 1782. Their pioneering steel foundry 
provided quality steel for a wide array of products. Alfred Krupp, better 
known as Alfred the Great or the Cannon King, invested heavily in new 
technology, including steel eating utensils, no-weld rail-road tyres, and steel 
cannons (Manchester, 2003). In 1840s, Alfred Krupp began selling steel 
cannons to the Prussian, Turkish and Russian armies. In late 19th century, 
Krupp was the world’s largest industrial company, illustrating the rising 
importance of steel.  

The Franco-Prussian war in 1870 to 1871 showed the superiority of the 
Krupp steel cannon compared to the French bronze guns. The success of the 
German artillery even spurred the first international arms race. New materi-
als and the increased mobility enabled by railroads and steam-powered ships 
transformed military thinking and strategy. Coal, an irreplaceable component 
in steel manufacturing was a driving force behind the rise of the Krupp fam-
ily and many of the nations they armed.  
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The new steelmaking technologies greatly changed the availability of du-
rable materials for society. The availability of cheap steel now allowed the 
construction of large bridges and enabled the production of railroads, sky-
scrapers, and large ships. The dawn of steel was undeniably an important 
event for the whole world.  

2.1.4 Intellectual sprouts from the emerging industry  
Besides a dramatic increase in production capacity, new methods of trans-
portation and manufacturing, the industrial revolution also gave birth to new 
intellectual paradigms. The notions of Capitalism, Marxism and Romanti-
cism all have their origin from the social turnovers that occurred in the wake 
of the industrialization. Needless to say, these concepts have been major 
driving forces in history and continue to be vital political ideas even in the 
present day.   

Capitalism welcomed the practical application of the growing body of 
scientific and engineering knowledge and argued that industrialization in-
creases wealth for all, evidenced by raised life expectancy, reduced working 
hours and abolishment of child labour. Adam Smith (1776) laid the founda-
tion for modern economics and capitalism with his book The Wealth of Na-
tions. Such ideas formed the thinking of many governments and are still 
important factors behind current politic and economic policies.  

In contrast, Karl Marx (1867) later formulated his ideas as a reaction to 
industrialism and claimed that industrialization polarized society into the 
proletariat and the bourgeoisie, i.e. the factory workers and the owners of 
means of production. Succeeding thinkers developed his ideas into Commu-
nism, Leninism, Stalinism and other socialistic ideologies that dominated 
certain parts of the world and still play an important role in modern society.  

Lastly, Romanticism emerged as an artistic and intellectually hostile posi-
tion towards industrialization. It stressed the importance of nature in contrast 
to “monstrous” machines. Blake (1808) even versed about the “dark satanic 
mills” and criticized how early industries destroyed nature and human rela-
tionships (Lienhard, 1999). The epic story about Frankenstein’s monster by 
Mary Shelley (1818) is another example of the concerns about scientific 
progress and industrialization that also sprung from increased use of coal and 
mechanization. These ideas later served a role in the formation of modern 
environmentalist movements and their critical view on the present “dark 
satanic mills” of globalized industrialization.  

By mid 1850s coal had become a cornerstone in every industrialized 
country. The tamed flames of coal were used to produce metal and propelled 
the world into the next stage of expansion as the coal-based economies 
reached new heights of prosperity and industrial output.  



 21

2.2 The radiance of a rising twin monarchy 
Outside the turmoil of the socioeconomic sphere, development of internal 
combustion engines and electricity generation marked a new phase in the 
industrial expansion and sowed the seeds of modern society. Besides the rise 
of steel and coal many new technologies, processes, materials and sub-
stances were introduced. The ascension of a new dark monarch, namely oil, 
also begins at this time.  

New innovations were made by an increasing number of engineers and 
scientists and have been claimed to be vital factors for the development dur-
ing the second phase of the industrial revolution (Landes, 2003). Major 
breakthroughs were made in the chemical, electrical, metallurgical, and me-
chanical industries. Rapid transport of mail by steam-powered ships or rail-
roads, telegraphs and the subsequent development of radio and telephone 
improved communications worldwide (Landes, 2003). Balloons, air ships 
and later on the development of aeroplanes also helped to transport ideas, 
goods and people all over the world faster than ever before. 

Large scale production of cement, explosives, solvents, agrochemicals, 
petrochemicals and other basic chemical products flooded the market with 
vital ingredients and components for consumer goods. Agricultural im-
provements lead to better yields and more available grain and edibles. Me-
chanical refrigeration, canning and other food preservation techniques also 
allowed better handling of groceries. The population saw major improve-
ment in nutrition and health due to the new technologies that followed the 
wake of the industrial revolution. The radiance of the rising twin monarchy 
of coal and oil in the 19th century marked a new phase for mankind.  

2.2.1 Harpoons, whales and the quest for illumination 
The heating of homes and buildings was first performed by the combustion 
of various fuels, such as firewood or other combustibles. Deforestation be-
came a problem around large cities. The introduction of coal, a fuel with 
higher energy content, reduced the demand for firewood requiring less vol-
ume and transportation for the same amount of energy. Anthracite coal, 
which burns without generating smoke, became a popular household fuel 
(VIII).  

Illumination was another challenge and whale oil-lamps were a com-
monly used light source and whaling was an important sector in early 19th 
Century. Whale oil was used to make the smokeless candles, but whale ba-
leen and bones were also used for everything from corset stays, fishing rods 
to fertilizers (Robbins, 1992). American whaling accounted for roughly 80% 
of the whaling in the entire world. One of the greatest American works of 
literature, Moby Dick (Melville, 1851), even takes place on a whaling vessel.  
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Around 1850s, the output of whaling products reached a peak (Figure 
2.1). Starbuck (1878) attributed this to "an increase in consumption beyond 
the power of the fishery to supply", but also cited the "the scarcity and shy-
ness of whales" as well as the fact that the cost and the length of voyages had 
increased beyond reasonable limits. In the following decades, whaling output 
declined. The reason for its decline was not because of public awareness of 
the evils of whaling, it was not because of consciousness-raising efforts by 
pioneer environmentalists, and it definitely was not because of legislation 
(Robbins, 1992). The whales were saved because of the march of technol-
ogy.   

 
Figure 2.1. Historical production of whale oil and whale bone shows distinct peaks 
around 1850s. Adapted from Höök et al. (2010a)   

2.2.2 Discovering a new form of liquid light 
Earlier coal-gas methods had been used for lighting since the 1820s, but they 
were prohibitively expensive and only used in a few places. Dr Abraham 
Gesner managed to extract oil and other petroleum products, including kero-
sene, from albertite rocks in 1846. However, this discovery was not fully 
understood or studied until several years later. In 1850s, Gesner was charged 
with the task of producing fertilizer and other products from the asphalt de-
posits in Trinidad by Lord Dundonald, the original discoverer of illuminating 
gas. During Gesner’s experiments, he managed to recover a clear oily liquid 
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that proved to have superior illuminating properties compared to both ordi-
nary candles and coal-gas (Murray, 1993). Gesner called this liquid kerose-
lain, from the Greek words for wax and oil, but later contracted it to kero-
sene (Beaton, 1955). Little did he know about the important role it would 
later have in the future development of our world.  

Gesner set up a pioneering company for the production of kerosene from 
asphalt and coal-like substances in New York. Gesner published several 
scientific studies, including the renowned and influential classic “A practical 
treatise on coal, petroleum and other distilled oils” (Gesner, 1865). How-
ever, Gesner’s patent rights were later challenged by competitors and bitter 
court feuds prevented him from gaining any of the financial rewards his dis-
covery produced. The discoverer of kerosene and father of the petroleum 
industry even suffered the dishonour of being unrecognized and forgotten for 
69 years in an unmarked grave before his contribution was widely acknowl-
edged (Murray, 1993).  

In Europe, similar ideas were explored and refined in Poland by Ignacy 
Lukasiewicz in 1850s. His achievements included a way to distil seep oil 
into useful products, invention of the modern kerosene lamp, and the con-
struction of the first real oil refinery (Arabas, 2005). In contrast to Gesner, 
Lukasiewicz managed to became a wealthy man and one of the most promi-
nent philanthropists in Galicia. Both Gesner and Lukasiewicz may be seen as 
fathers of modern petroleum industry due to their seemingly independent 
discoveries and actions in different parts of the world. However, Lu-
kasiewicz also understood the promise and potential contained in oil, as re-
flected by his 1854 quote:  

 
“This liquid is the future wealth of the country, it's the wellbeing and 

prosperity of its inhabitants, it's a new source of income for the poor, and a 
new branch of industry which shall bear plentiful fruit.”  

 
Kerosene was easy to produce, inexpensive, could be burned in existing 

lamps, and did not produce an offensive odour as many whale oils. Kerosene 
could also be stored for long time periods, in contrast to whale oil that even-
tually became spoiled. The cheaper and better kerosene fuels began to drive 
out whale oil from the market after 1850s (Robbins, 1992).    

By the end of the 1850s there were 30 kerosene plants operating in the 
United States (Robbins, 1992). Demand increased rapidly and it was hard for 
the producers to keep up. Gesner’s company and many others would later be 
overshadowed by Colonel Drake’s discovery of large amounts of petroleum 
in nearby Pennsylvania that triggered the oil boom. Kerosene could be pro-
duced more easily from petroleum than from coal and asphalt-like sub-
stances. Kerosene producers quickly switched to petroleum as their primary 
feedstock, marking the birth of the age of oil.  
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2.2.3 Foreclose of a dream  
The modern oil era began in Oil Creek in Pennsylvania with the boreholes 
successfully sunk by Colonel Drake. A pioneering epoch followed and many 
competitors and producers appeared, all trying to grab a share of the black 
gold that was erupting from the ground. The events that occurred in Penn-
sylvania also marked the rise of certain powerful ideas, individuals, impor-
tant companies and remarkable products.  

A long list of liniments, waxes and lubricants had also been made from 
whale oil prior to the discovery of new petroleum refining methods. Many 
chemists lost their job when the old procedures became obsolete. Robert 
Chesebrough was one of those, but decided to go to Pennsylvania and to 
research what new materials could be made from petroleum. Oil producers 
had problems with a gooey substance sticking on the drilling rods, com-
monly called rod wax (Sherman, 2002). Chesebrough took this substance to 
his laboratory and later discovered that it could be transformed into a light-
coloured gel if the lighter oil fractions were separated off. Chesebrough soon 
started selling it as a medical ointment under the brand-name “Vaseline” and 
opened a factory in 1870 (Schwager, 1998). Vaseline was patented in 1872. 
Creating marketing and Chesebrough’s strong belief in the product later 
turned it into a success (Sherman, 2002). Other petroleum products also 
started to seep into medicine, hygiene and cosmetic products. Despite many 
new different uses of petroleum, the most important product for the young 
petroleum industry was kerosene.  

The commercial success of kerosene can largely be attributed to John D. 
Rockefeller. As a young man, he was well-behaved, serious and studious. 
His father, the travelling salesman William Avery Rockefeller or “Devil 
Bill” as he was called by locals, once bragged “I cheat my boys every chance 
I get. I want to make them sharp” (Segall, 2001). The young John D. Rocke-
feller had two dreams he wanted to fulfil in his life. He dreamed of making 
$100,000 and living to be 100 years old. The quest to realize these goals 
finally brought him to the emerging oilfields of Northern USA.  

Merely 25 years old in 1865, Rockefeller formed a partnership with a re-
finery owner in Cleveland. Rockefeller felt that too much capital was in-
vested in exploration and extraction of oil and that larger gain could be made 
in oil processing (Robbins, 1992). Backed by investors, he set up a network 
of kerosene distilleries which would later develop into Standard Oil in 1870.  

By 1880s, Standard Oil controlled nearly all of the American refining ca-
pacity (Yergin, 2008). John D. Rockefeller had become among the richest 
men in the US. Standard Oil had gained an aura of invincibility, always pre-
vailing against competitors, critics, and political enemies. It had become the 
richest, biggest, most feared business in the world, seemingly immune to the 
boom and bust of the business cycle, consistently racking up profits year 
after year (Chernow, 1998).    
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It should be remembered that oil adventures also occurred in Europe and 
Russia, such as the ones centred on Lukasiewicz in Poland or the Nobel fam-
ily in Baku. However, all of them are dwarfed in comparison to the events 
that took place in the USA. The American oil production simply accounted 
for the largest share of the world output and came to shape first stages of 
global rise of oil. For example, Standard Oil alone topped at over 90% of the 
world refining capacity, before slowly declining to 80% by the end of the 
19th century (Segall, 2001).  

In 1909, Standard Oil was sued under an antitrust law by the US Depart-
ment of Justice for sustaining a monopoly and interfering with interstate 
commerce (Manns, 1998). A legal process followed and ended on 15 May 
1911, when the US Supreme Court upheld the lower court judgement and 
declared Standard Oil to be an unreasonable monopoly. Standard Oil was 
ordered to be broken up in 34 independent companies with different boards 
of directors (Jones, 1921). Rockefeller himself had already retired from any 
management role, but personally owned a quarter of the shares in the resul-
tant companies. The value of those shares mostly doubled and John D. 
Rockefeller became the richest man in the world (Yergin, 2008).  

Several of the 34 independent companies later came to be important play-
ers. Standard Oil of New Jersey was later renamed Exxon. Standard Oil of 
New York came to merge with another company and form Mobil. Today 
these companies have merged together and formed ExxonMobil. Standard 
Oil of California was eventually renamed to Chevron. Standard Oil of Indi-
ana changed name to Amoco (American Oil Company) and has today be-
come a part of British Petroleum (BP). Another offshoot was called Conti-
nental Oil Company or Conoco and has today merged into ConocoPhillips.  

The rise of Standard Oil is a remarkable story that shaped the perception 
of the petroleum industry. For many decades, Rockefeller’s beloved com-
pany was the titan of the business before he had to see his dream about a 
global dominion based on oil shattered by the legal intervention. However, 
the offspring of Standard Oil continue to be major players in the petroleum 
sector even today. 

In 1937, John D. Rockefeller died of arteriosclerosis two months short of 
his 98th birthday. His long and controversial career had made him earn well 
over 100 000 dollars and he daringly died in the pursuit of his other dream. 
After he retired from actively leading business, he took up a long career in 
philanthropy. At the age of 86, he even penned the following lines to sum-
marize his life (W.A.D., 1931): 

 
"I was early taught to work as well as play, 
My life has been one long, happy holiday; 
Full of work and full of play, 
I dropped the worry on the way, 
And God was good to me every day.”  
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2.2.4 The march of the electrons  
The kerosene barons of late 19th century would eventually find themselves 
surpassed by a new invention that came to replace flame-based illumination 
systems (Robbins, 1992). In late 1870s, Thomas A. Edison developed and 
began marketing the incandescent light bulb. This new device produced even 
light, burned longer and brighter than oil or kerosene, and was much safer 
than flame-based lights. As the country was electrified, whale oil and kero-
sene were both driven from the illumination market. 

This electrification could have been a problem for the young petroleum 
industry, but it was saved by the successful commercialization of the auto-
mobile. Internal combustion engines, such as the Otto or Diesel motors, were 
much better and more capable than steam-powered engines or the primitive 
electric cars used in early 20th century. This later lead to the rise of gasoline 
and diesel fuels (Campbell and Heapes, 2009). 

The fundamental principles of electricity generation by electromagnetic 
induction were discovered during the 1820s and early 1830s by Michael 
Faraday. The commercialization took some time and the first commercial 
electricity plant was opened in 1882 by Edison. It supplied a small number 
of consumers with electricity for illumination.  

As the 20th century dawned, electric capacity expanded rapidly while con-
tinuous innovation improved the electric system. Scientists like John Erics-
son, Elisha Gray, and Alexander Graham Bell made copious innovations that 
helped to forge the modern world. However, the greatest of them all was 
perhaps Nikolai Tesla, the true unsung prophet of the electric age. He made 
many revolutionary breakthroughs and innovations that were of ground-
breaking importance for commercial electric systems (Tesla, 2007).  

In 1884, Charles Parsons used a steam turbine to drive an electric genera-
tor. The first crude design was only 1.7% efficient and capable of delivering 
7500 W (Smil, 2005). However, his technology turned out to be easy to scale 
up. Further refinement and improvement allowed him to uncover a 1 MW 
system in 1899. Hydroelectric plants, such as the Hoover Dam from 1930s, 
became vital steps in the electrification of the society. Cheap and plentiful 
electricity were now possible. Electric motors, polyphase systems and long-
range power distribution made electricity even more readily available for a 
multitude of applications.  

However, the largest part came from steam turbines driven by coal or oil 
where the dark flames were tamed and used to provide mechanical work for 
the generator. Thanks to the dance of the electrons coal was still the supreme 
ruler of the world’s energy system, even though oil started to appear as a 
more and more promising branch of the hydrocarbon tree. The world would 
never be the same after legions of marching electrons was tamed by the dark 
flames of fossil fuels.  
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2.3 Oil outshines coal through a reign of blood 
The dawn of the 20th century marked a definite turn for mankind and the 
birth of modern society as it is known today. The discovery of oil in Spindle-
top in 1901 and subsequent discoveries resulted in a boom of oil production 
in Texas. Due to poor quality, this oil could not be refined into kerosene. 
Instead, it was used for heating, power and locomotion (Robelius, 2007).  

The growing need for electric power in the wake of the worldwide electri-
fication provided new uses for fuel oil in various power plants. In addition, 
fuels for internal combustion engines opened many new doors for petroleum 
utilization. Petroleum refining and the multitude of petrochemicals that 
could be obtained became increasing important for the emerging chemical 
industries. Consequently both oil demand and production soared. 

British coal production reached a peak in 1913 and began to decline (Fig-
ure 2.2), as earlier predicted by Jevons (1866). Similar events happened for 
coal mining the Pennsylvania region in the USA (VIII, IX). However, none 
of these events attracted much attention as oil had started to appear as a more 
and more attractive fuel in many applications. The higher energy content per 
volume unit of oil had resulted in the conversion from coal-burning to oil-
burning on a few ships prior to the First World War. 

 
Figure 2.2. British coal production from 1815 to 2009. The maximum production 
was reached in 1913, followed by a steady long phase of decreasing output. Data 
source: Paper X 
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2.3.1 The first worldwide waves of blood and oil 
The First World War broke out in August 1914. During the war, the Allied 
navies were largely converted to petroleum, and so was a considerable frac-
tion of the larger vessels of the merchant marine (Frey, 1941).   

Oil came to play an important role in the entire war and securing access to 
oil became vital for the war strategies. Gasoline-consuming aeroplanes made 
reconnaissance and engaged in early bombing raids. Diesel-powered subma-
rines were operational and motorized lines of supply became increasingly 
important. Introduction of tanks, aeroplanes and other mechanized or motor-
ized equipment had increased the mobility of armies. Meanwhile, new ex-
plosives and poison gases unleashed the destructive fury of the petrochemi-
cals (Haber, 1986).  

The USA also rapidly developed its domestic automobile fleet during the 
First World War. In 1913, a total of nearly 1.3 million cars were registered, 
but in 1918, this had increased to 6.1 million (Frey, 1941). In 1913, there 
were only 64 000 trucks on the American roads, but by 1918 the number had 
risen to 525 000 (Frey, 1941). The increasing reliance and preference for 
motorized road vehicles came to influence civil as well as military society. 

Longhurst (1959) highlights how British war cabinet member Earl Curzon 
proclaimed that “the Allies floated to victory on a wave of oil”. Senator Ber-
enger of France said that Germany expected to win because they owned 
great coal resources, but the Allies managed to win with oil (New York 
Times, 1918). The First World War was a victory of automobiles over rail-
road and was a story of how coal lost its lead over petroleum. Without a 
great fleet of motor trucks the war could simply not have been won by the 
Allies.  

The strategic need for self-sufficiency and growing importance of oil also 
resulted in German innovations to produce liquid fuels from coal, i.e. syn-
thetic fuels derived from coal liquefaction, in the 1920s. Fischer-Tropsch 
synthesis and other chemical processes were derived to produce fuels and 
other products from coal. Those technologies have been reviewed by Höök 
and Aleklett (2010). Synthetic fuels would later come to play an important 
role in the Second World War.  

2.3.3 Automobiles and nationalism rising 
The use of automobiles for personal transport continued to boom in both 
USA and Europe. In 1929, there were 23.1 million cars in the USA corre-
sponding to 78% of the world’s car fleet (Robelius, 2007). The establishment 
of the drive-in culture and the worship of the personal freedom that cars 
brought made them an important symbol for the people of that time. With a 
car, one could literally drive wherever and whenever one wanted to. Cars 
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soon took on a larger and larger role in society and became an integral part 
of city planning. 

The flexible mobility offered by cars was an important factor in popula-
tion. Frey (1941) highlights how satellite cities and suburban areas – the 
peripheral metropolitan zones – have increased more rapidly than the central 
cities themselves. Automobiles and highways were the driving force behind 
this development. Frey (1941) even saw an effective economic mechanism 
requiring continues energizing by petroleum products. The triple alliance of 
cars, highways and petroleum effectively lead society into an escalating de-
pendence.  

The Great Depression of the 1930s naturally reduced the speed of devel-
opment for some time. However, this decade also saw major oil discoveries 
in California. The largest oil boom ever seen in the USA began with the 
discovery of the supergiant East Texas field in 1930. Its massive production 
capacity leads to a fall in prices, first in Texas and later this spread to the 
entire nation. To remedy this problem of overproduction, the Texas Railroad 
Commission was permitted to regulate production.  

The economic troubles and remaining tensions from the First World War 
resulted in increasing nationalism in many countries. The rise of the National 
Socialist German Workers’ Party (NSDAP) in Germany and Adolf Hitler 
was an important event. The rhetoric in Nazi-Germany, i.e. Hitlerism, was 
resting on a mixture of anti-communism, anti-capitalism, working and mid-
dle class appeal, military revanchist pleas, and racial ideology (Overy, 
2004).  

Once the Nazi regime was firmly established, power was centralised and 
the economy mainly focused on solving the issues caused by unemployment 
in the wake of the Great Depression. The measures included massive public 
works, such as the construction of the Autobahn and roads. Consequently, 
the German car industry also experienced a boom in the 1930s (Braun, 
1990).  

Hitler even expressed that the German youth should be “hard as Krupp 
steel”, which harked back to the early days of success of German steel. The 
Krupp works were also busy forging new weapons for the rearmament of 
Germany as the new national socialistic regime were planning for its contin-
ued expansion and rising dominion.   

2.3.2 Petroleum troubles brewing     
In 1920s, there was a fear of oil shortage in the USA. During the war, the 
USA had been overproducing to supply its allies and discoveries in the late 
1910s had been disappointing. USGS even expressed fear that the nation’s 
petroleum resources would soon prove inadequate to meet the needs of the 
industry. This and increasing competition made US oil companies set their 
aim on primarily the Middle East and Venezuela (Robelius, 2007).  



 30 

One of the ideological fruits of the Industrial Revolution, namely the 
ideas of Karl Marx (1867), had been further developed by Vladimir Lenin, 
Leon Trotsky, Josef Stalin, and the Bolshevik movement in Russia. The 
weakened government in Tsarist Russia was overthrown in a series of upris-
ings, culminating in the establishment of the Bolshevik government after the 
October revolution. The following nationalization of the Russian oil industry 
basically eliminated a main player on the global oil market and meant disas-
ter for several foreign oil companies, among them the Swedish Nobel family. 
The event significantly lowered Russian oil production for some time, but 
later resulted in a re-opening of the oil market allowing Western companies 
to bring in new technology to the Soviets in mid 1920s (Robelius, 2007).  

New oil discoveries were later made in Mesopotamia, Saudi-Arabia, Ku-
wait and other Middle-East countries (Robelius, 2007). The discovery of the 
Kirkuk and Greater Burgan fields were among the largest ones ever made. 
This sealed the future for the region and would later make it the most potent 
petroleum region on the globe.  

Meanwhile in Asia, Japan underwent political changes. The main lesson 
the Japanese military had taken home from World War I was that a country 
cut off from raw materials was bound to lose in a military contest (Frie-
drichs, 2010). To be prepared for total war, resource-poor Japan would have 
to control access to strategic resources and achieve the necessary industrial 
capacity to secure the desired status of a great power (Barnhart, 1987; 
Beasley, 1987). Japan soon embarked on a path of aggressive and predatory 
militarism.  

Japan conquered Manchuria in 1931, and later invaded China in 1937. 
The new occupied areas yielded vast quantities of food, coal and iron ore, 
but very little petroleum (Friedrichs, 2010). Since the USA was the dominant 
producer of petroleum at that time, Japan was heavily dependent on Ameri-
can oil deliveries with about 75-80% originating from California. The spec-
tre of an oil embargo concerned Japan and a military thrust was soon 
planned towards the newly discovered oil fields on Borneo and Sumatra.  

2.3.4 The Second World War 
Increasing political tensions between European countries appeared and fi-
nally the Second World War broke out in 1939. In contrast to the previous 
world war, oil became a corner stone in both planning and strategy during 
the Second World War. Refineries, tankers and oil wells were important 
targets for both sides (Longhurst, 1959). Germany had learned their lesson 
and developed a synthetic fuel industry capable of fuelling major parts of the 
German war machinery (Höök and Aleklett, 2010). 

Germany profoundly relied on the newly developed Blitzkrieg strategy, 
i.e. short battles with mechanized forces that would lead to victory before 
petroleum supply problems could develop (Yergin, 2008). The German need 
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for petroleum was one of the motives behind the campaign in North Africa 
and the invasion of the Soviets in 1941. However, operations in Africa failed 
to gain access to the Middle Eastern oilfields and at the same time the Ger-
man armies got stuck in Stalingrad, partly due to a lack of oil supplies (Yer-
gin, 2008) 

The military conquests of Japan continued with an offensive in Southern 
China, followed by the occupation of the northern part of French Indochina 
in 1940. As a protest, a full-blown American trade embargo was put into 
place in July 1941. Japan saw this as a confirmation that they had no other 
choice other than to conquer the British part of Borneo to gain access to the 
indispensable petroleum fuels required for military and civilian transport. To 
secure its flank from a potential counterattack, the Japanese navy carried out 
the famous pre-emptive strike on the US Pacific Fleet stationed at Pearl Har-
bour (Friedrichs, 2010). This attack made the USA devote all their resources 
to the Allied forces and engaged in the fighting both in the Pacific and in 
Europe.  

The lack of oil and fuel hampered the German military activities after 
1943 and may be seen as a crucial factor in their concluding defeat. Similar 
problems arose for Japan, as the tides of war shifted and they were pushed 
back from the oil rich areas earlier conquered. The hampered oil situation of 
the Axis in contrast to the better and more secure fuel supply of the Allies 
was one of the main reasons that the Allies finally managed to conclude the 
war (Yergin, 2008).  

The end of the Second World War meant the conclusion of a bloody ep-
och filled with political tensions and military conflicts. During this bloody 
reign, oil also managed to prove itself better than coal resulting in a favour-
able view of petroleum from planners and politicians. The aftermath of the 
Second World War ensured that the world would embark on a ship sailing 
the dark oceans of oil, cruising inexorably toward the present.      

2.4 Dark rivers flowing forth 
American soil had been virtually untouched by wartime destruction. The end 
of the Second World War started the golden era of American capitalism. The 
Full Employment Act of 1946 mandated that the federal government did 
everything in its power to achieve full employment and helped to establish a 
firm economic footing. Cyclical business models were abandoned for a 
“growth model” with the setting of quantitative targets for the economy, use 
of the theories of fiscal drag and full-employment budget, recognition of the 
need for greater flexibility in taxation, and replacement of the notion of un-
employment as a structural problem by a realization of a low aggregate de-
mand (Salant, 1973).   
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The green revolution in agriculture and the utilization of high yield agri-
cultural techniques based on synthetic fertilizers and high energy use took 
food output to record levels (IX). Following the war and spanning 1946 to 
1964, a baby boom occurred in the USA. The number of cars correspond-
ingly also exploded. In 1955, almost 66% of the world’s cars could be found 
on American soil. Domestic oil production could not possibly match grow-
ing demand and the USA had to become a net oil importer. The cultural im-
pact of the USA on Europe was significant and the “American dream” was 
successfully exported abroad as a concept for the entire society.  

2.4.1 Exporting the shackles of foreign oil dependence  
In 1947, a war torn Europe suffered from a shortage of workers and faced an 
impending energy crisis due to a shortage of coal. The recent wars had 
shown the versatility of oil and paved the way for a conversion from coal to 
oil products. Oil could not only be used in transportation, but also in industry 
boilers and power plants. European production of oil was too small, and 
most of the oil had to be imported (Robelius, 2007).   

Europe’s dire need of oil coincided with the development of the large 
Middle East oilfields. A fifth of the aid received through the Marshall Plan 
was used to cover oil importation costs (Yergin, 2008). In 1955, roughly 
75% of the total energy use in Europe originated from coal, while oil ac-
counted for a mere 23%. In 1972, the relationship had reversed according to 
Yergin (2008). Europe had also become heavily dependent on oil through a 
shift from a self-sustained coal-powered economy to a society based on im-
ported oil. 

Rising tensions between the Western countries and the communist nations 
in East led to an 'Iron Curtain' being drawn between the two competing 
blocks and marked the start of the Cold War. The discovery of the supergiant 
Romashkino oilfield helped fuel Soviet expansionism (Robelius, 2007). 
Later on, Western Siberia was explored and found to contain vast amounts of 
oil and natural gas. Development of this area provided means for export and 
came to be an important pillar in the Soviet economy. By the end of 1980s, 
Western Siberia alone contributed to 14% of world oil production and was 
an even match for Saudi-Arabia (Robelius, 2007). 

In 1960s, environmental questions began to reach wider audiences. Petro-
chemicals were used on even more massive scales than before the Second 
World War. The book Silent spring (Carson, 1962) highlighted how DDT 
(an insecticide derived from petrochemicals) affected the environment and 
helped to launch the modern environmental movement. Spectacular oil 
tanker accidents and spills also triggered public criticism about the growing 
pressure on natural resources from mankind. This is a modern echo of the 
old romanticism ideas earlier expressed at the beginning of the industrial 
revolution (see section 2.1.4).  
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2.4.2 The birth of OPEC 
Increasing awareness about the value of oil in many exporting countries, in 
particular the Middle East, led to ideas about taking more control over oil 
production. Oil production had been previously controlled by the Texas Rail-
road Commission or simply dominated by companies, for instance Standard 
Oil or the Seven Sisters (a group consisting of seven major oil companies).  

In 1959, during the Arab Oil Congress in Egypt representatives from 
Saudi-Arabia and Venezuela met. They shared the vision that coordination 
was necessary to control the price level and guarantee income for their na-
tions. A new meeting with representatives from Kuwait, Iran and Iraq took 
place in 1960 and resulted in the establishment of the Organization of Petro-
leum Exporting Countries (OPEC).  

The intentions of OPEC were to defend and maintain price stability and 
“fairness”. Additionally, a system for production regulation for each member 
was also planned. Together the five founding members of OPEC controlled 
more than 80% of the exported oil (Robelius, 2007). A worthy successor of 
the Texas Railroad Commission had been formed and would later come to 
play an important role in the Oil Crisis of the 1970s.   

OPEC was not taken seriously by the oil companies at first (Yergin, 
2008). However, increasing concern about the rising importance and de-
pendence on the Middle East triggered exploration of new areas. Major oil 
companies simply wanted to diversify their supply and to be less dependent 
on the Middle East. Many major discoveries were made in Africa, such as in 
Algeria, Libya and Nigeria. In late 1950s, oil exploration in Alaska also re-
sulted in a few new big fields in North America.  

In 1959, the discovery of the Groningen giant gasfield leads to the subse-
quent exploration of the North Sea (Robelius, 2007). In 1965, the first gas 
discoveries were made in the North Sea and in 1969 the giant Ekofisk oil-
field was uncovered. Many discoveries were later made in the UK, and in 
Norway (I), but also some on Danish territory (V). Harsh conditions and 
offshore conditions made development problematic and enormous invest-
ments were made in the development of this new frontier region (I). The 
North Sea also made it possible for Europe to reduce the dependence on 
imported oil to some extent.  

2.4.2 A troublesome shift of thrones 
In mid 1960s, oil became the world’s largest energy source in absolute terms 
after nearly 100 years with about 7% annual growth (Figure 2.3). Old King 
Coal finally had to step down from the throne and leave it to Oil as the new 
supreme sovereign of the global energy system. Ironically, this throne 
change among the Dark Monarchs also coincided with an iconic crisis for oil 
and the entire world energy system.  
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Figure 2.3. Historical production of energy from coal and oil since 1800 to present. 
Data taken from Uppsala Global Energy Databases.   

Political tensions surrounding Israel resulted in the six-day war in 1967. 
As a result, OPEC tried to impose an oil embargo on those parts of the west-
ern world that supported Israel. This attempt was thwarted and without any 
significant effect due to large tankers and spare capacity in the USA (Yergin, 
2008). However, it showed the oil companies and the world that OPEC was 
a force to be reckoned with. This was painful experienced and fully realised 
with the Oil Crisis of 1973.  

Continued disagreement around Israel and the Arab-Israeli tensions lead 
to a new war in 1973. The conflict began with a joint surprise attack on the 
holiest day of Judaism, Yom Kippur, when Egypt and Syria crossed the 
cease-fire lines to enter the Israeli-occupied Golan Heights and Sinai Penin-
sula. However, the offensive was driven back on all fronts by the Israelis 
after intense fighting. OPEC declared an oil embargo "in response to the 
U.S. decision to re-supply the Israeli military". The embargo had immediate 
effect and OPEC forced the oil companies to increase payments drastically. 
Consequently, the price of oil had quadrupled by 1974 to nearly US$12 per 
barrel (Licklider, 1988).  

To make matters worse, the 1970s were also the time when many OPEC 
members completely nationalized their oil industries, such as Kuwait in 1975 
or Venezuela in 1976 (Yergin, 2008). Major oil companies lost significant 
parts of their reserves and production capacities and were forced to explore 
and develop new areas. Control over oil had definitively shifted from the 
major oil companies to the producing countries and OPEC (Robelius, 2007). 
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Meanwhile, domestic oil production in the USA reached a maximum in 1970 
and started to decline (Figure 2.4), as had been predicted by Hubbert (1956).  

 
Figure 2.4. Historical production of oil in the USA from 1900 to 2009. Data source: 
EIA (2010).  

Oil prices continued to be high during the entire decade. A second oil cri-
sis occurred in 1979 in the wake of the Iranian Revolution when ayatollah 
Khomeini became the new leader. This event resulted in a severe disruption 
of the Iranian oil sector with drastic reductions of production capacity and 
suspended export. As the new regime resumed oil production, exports were 
inconsistent and lower volumes pushed prices up. A wide-spread market 
panic began pushing prices even higher. Everything culminated with the 
Iraqi invasion of Iran, which nearly stopped Iranian oil production com-
pletely and severely hampered Iraqi production as well.  

These two oil crises had a profound influence on both the USA and 
Europe as they faced both real and perceived shortages of oil. Nuclear en-
ergy and new energy sources were developed as the awareness of the oil 
dependence seeped into public awareness. The growth of oil consumption 
slowed, and was even reversed for a period. Economic growth also stagnated 
as oil prices climbed. This later forced many countries to become more pe-
troleum efficient.  

Although these two major oil crises did have significant repercussions, 
they eventually receded and the dark rivers continued to flow with seemingly 
equal strength once again. Or were these events a small prelude to an even 
bigger challenge?  
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2.5 Threading the path to the present 
As the situation slowly calmed down after 1980, prices would eventually 
return to their previous low levels. This was an outcome of slowing indus-
trial economies and a stabilization of supply and demand. A six year long 
price decline occurred and culminating in a nearly 50% price drop in 1986 
(BP, 2010). An oil glut appeared on the world market. Two opposing views 
emerged, where one stated that the oil glut was temporary and the other that 
excess supply was permanent (Gately, 1986). However, the contribution 
from giant oilfields, the backbone of world oil production, outside OPEC 
peaked in the early 1980s (III).  

The dark rivers of oil continued to flow forth into the 1990s and some 
would even claim that the world was drowning in oil (I). Prices returned to 
comparatively low levels. Despite this, certain geologists warned that the 
end of cheap oil was near (Campbell and Laherrere, 1998) and revitalized 
the older ideas of Hubbert (1956) that there were issues with future oil sup-
ply. Others foresaw that there was no reason to expect that the apparent oil 
glut would dry up (Jaffe and Manning, 2000).  

2.5.1 Recent production and price peaks  
The new millennium unveiled the peaking of several countries around the 
year 2000, including Mexico, Australia, India, Yemen, and even the OPEC-
member Indonesia (Figure 2.5). Meanwhile, global oil consumption contin-
ued to increase. Oil production in the North Sea is another example of how 
the dark flows started to diminish and were unable to keep pace with rising 
demand. The UK peaked in 1999 (Figure 2.6), Norway in 2001 (I) and 
Denmark in 2004 (V). This coincides with the peaking of important giant 
oilfields that served as the backbone for production.  

From mid 2004, the entire world oil production reached a plateau (III) as 
it became increasing difficult to offset the decline in existing production with 
new additions. Oil prices started to rise and reached an all time high of 
nearly 150 dollars/barrel in July 2008. However, both the entire world econ-
omy and the oil price collapsed in the aftermath as the world plunged into 
financial turmoil. The fuel price spike of 2008 may have played a consider-
able role in the economic crisis (Hamilton, 2009).   

While more and more of the conventional oil producers reached the onset 
of decline in the last 20 years, producers also turned their attention to uncon-
ventional hydrocarbons in their attempts to keep the dark rivers flowing. 
Canadian tar sands, heavy oils, or deepwater regions rose in importance after 
the 1980s and are currently vital in planning. The increasing challenge of 
sustaining continued growth of oil extraction recently became even more 
apparent, when a deepwater drilling rig in the Gulf of Mexico triggered the 
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largest environmental disaster in the US history in an attempt to locate new 
oilfields for the petroleum-craving world (USA Today, 2010). 

Concerns about the anthropogenic impact on global climate became an 
increasingly important factor for planners and policy makers. The World 
Meteorological Organization (WMO) and the United Nations Environment 
Program (UNEP) established the Intergovernmental Panel on Climate 
Change (IPCC) in 1988. The IPCC later published a number of influential 
assessments and special reports that made emission of greenhouse gases and 
CO2-targets become a major factor in global energy policies (Höök et al., 
2010b). The environmental issues relating to fossil fuels made it increasingly 
clear that the negative impacts from continued utilization were a challenge.   

In the background of all this, coal became the fastest growing energy 
source of all. This is chiefly powered by the rise of China and India and their 
coal-powered economies. In 2009, total energy produced by coal was only 
10% less than that of oil (BP, 2010). Coal is clearly not out of the game and 
casts covetous stares at the top position. However, it is a good question 
whether old King Coal can once again claim the throne.  

 
Figure 2.5. Oil production of Indonesia from 1930 to 2009. Data source Campbell 
and Heapes (2009) and BP (2010).  
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Figure 2.6. Historical oil production of the UK from 1930 to 2009. The dip after 
1988 was caused by the explosion at the Piper Alpha platform, the world’s worst 
offshore accident, and its aftermath. Data source: BP (2010) 

2.5.2 The Peak Oil debate 
The oil price hike has been blamed on speculation by some (Sornette et al., 
2009; Tokic, 2010), while others have pointed to market fundamentals and 
the imbalance between supply and demand (Brown et al., 2008; Kesicki, 
2010). The exact cause of this price rally is probably hard to determine and 
likely a result of many factors. The academic dispute about the longevity of 
fossil fuel supply, the future production trajectories, and how the society 
would be affected continues to rage even today. Needless to say, the exhaus-
tion of many petroleum regions and the declining production in many key 
producers is an observed fact of reality. Robelius (2007) provides a more 
comprehensive presentation of the peak oil debate. 

The Association for the Study of Peak Oil and Gas (ASPO) was estab-
lished on the 7 December in year 2000 (ASPO, 2010). It consisted of an 
informal network of scientists concerned with future oil supply. ASPO 
served an important role in raising awareness of oil depletion and the im-
pending challenges that would come. Through a series of international work-
shops and conferences, ASPO attempted to spread the message and gain 
public awareness.  

Discussion surrounding peak oil is polarised, contentious and character-
ised by competing interpretations of the available data. However, this debate 
continuously grew in strength throughout the 2000s and peak oil eventually 
entered the mainstream under pressure from mounting scientific evidence for 
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the exhaustion of the world’s important petroleum reserves. A recent review 
of over 500 studies by the UK Energy Research Centre concluded that a 
peak in conventional oil production before 2030 appears likely and there is a 
significant risk of a peak before 2020 (UKERC, 2009).  

In the wake of an increasing awareness of oil depletion, the longevity of 
coal and natural gas supplies also entered the debate. Sustainability surfaced 
as an important goal for society and mankind’s increasing exploitation of the 
world’s finite resources has started to be questioned. However, still no major 
turns from the hydrocarbon path have been taken and the future remains a 
largely unwritten chapter.  

The dark saga leading up to the present situation ends here and what the 
future might unfold is the focus of the remainder of this thesis. But first, one 
must follow the dark rivers of the heart back to their origin.  

2.6 Unveiling the black heart of everything 
The saga of the industrial revolution and how it changed the world easily 
seems like a sunshine story about how human ingenuity and technology 
overcame previous limitations and allowed society to prosper. However, that 
picture is unjust and fails to observe the shivering whispers of the black heart 
on everything, namely the energy that drove all machines and powered all 
the factories. Without wielding suitable energy sources, few of the machines 
would have worked.  

Mechanization during the industrialization significantly changed the way 
the society looked and behaved. Engineers and men of science had devel-
oped numerous devices, processes and technologies that influence everyday 
life and provided an abundance of goods, merchandise and possibilities. 
There are many factors, reasons and explanations for all that happened dur-
ing the industrial revolution. However, natural science dictates that the 
physical factors should be found and considered.   

What physical factor can be found that ties all those solitary threads to-
gether in the mighty weave that forms the modern world? I would argue that 
energy is that factor. In physics, energy is usually defined as the capacity of 
a physical system to perform work, whether the work is useful or extraneous 
for society. Einstein (1905) even showed the equivalence between energy 
and mass, implying that everything in the universe is made from energy in 
various forms. Naturally, it follows that energy influences everything and 
cannot be substituted for other resources.  

Human civilization and even life itself are processes built around energy 
exploitation of various forms. Life can even be described as a manifestation 
of thermodynamics (Schneider and Kay, 1994; Elitzur, 1994; Schneider and 
Sagan, 2005). The human body, or any other organism, is built around a 
metabolic process that transforms the chemical energy of food and nutrition 
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into the necessary energy required to uphold body temperature and maintain 
other physiological functions. The energy in nourishment can later on be 
transformed into manual labour and used in a multitude of activities. Every-
thing from transporting goods and melting metals to refrigerating food and 
powering telephones requires energy in some form. 

Societies are built around the supply of energy resources, where the most 
fundamental energy source is food and the physical labour it can be con-
verted into. More advanced societies may have domesticated animals to pro-
vide more power than a human can conveniently provide. Technology and 
human ingenuity allows the creation of machines, i.e. replacing human la-
bour with work done by mechanized devices.  

The Black Thunder coal mine in the USA shows the successful marriage 
of man and machine, as a work force of only 500 men annually produces 
over 40 million tons of coal or roughly 5% of the total US coal output 
(Simpson, 1999). Machines are no different from living organisms in the 
respect that they need energy to perform the activities they were designed 
for. That includes suitable fuels for motorized transports, electricity for pow-
ering a wide array of equipment, heat to provide comfortable living and cook 
food, etc.  

Of all available natural resources, none are as important as energy. In fact, 
energy has been described as the ultimate resource by many studies (Ehrlich 
et al., 1970; Perry, 1971, Cook, 1977). Furthermore, energy is intimately 
linked to economic growth and development. Studies have found that energy 
consumption has a significant positive long run impact on economic growth 
(Akinlo, 2002) and connections between energy and real output (Hondroy-
iannis et al., 2002; Payne, 2010a, 2010b). 

Many people think that it is money that makes the world go round, when 
in reality it is a cheap and abundant supply of largely oil-based energy 
(Campbell, 2006). The rise of modern western civilization is not merely a 
product of human ingenuity and free-market principles and an often ne-
glected but crucial factor was the immense flow of fossil energy which pro-
vided humans with significant competitive advantages over other organisms 
(Czúcz et al., 2010).  

The industrial revolution, and all the things it brought, is little more than a 
tale of mankind's taming of the dark flames of fossil fuels. The energy con-
tained in chiefly coal and oil was tamed and controlled by machines capable 
of transforming the combustion into useful work. Through the use of these 
motors, machines and mechanized devices, mankind was able to build indus-
try, develop socially and economically, and construct the entire modern 
world we take for granted. Coal and oil became the black heart of everything 
that powered society through the industrial revolution and continues to do 
the same even unto the present day.  
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3. A sequel of decay 

Thus ends the historical saga and the future lay ahead. What secrets may it 
hold and what events will unfold as the wheel of time turns? Can the ongo-
ing rise to new heights continue or will their dominance begin to crumble 
due to inherent properties of their nature as the world extracts more coal and 
oil to fuel its machines? In some sense, the world is building its present 
strength through depletion of fossil energy resources.  

Depletion of the available coal and oil endowment is a central factor in 
the longevity of their supply for human needs. Every ton of coal or barrel of 
oil taken from the ground will not be replenished due to their non-renewable 
nature. One may even see depletion as an equivalent to the withering, decay 
or gnarling teeth of time that slowly and unstoppable will render glorious 
empires into ruins or transform potent youth into wretched beings bent by 
old age. The rise of coal and oil will be followed by a sequel of decay where 
their dominance will diminish and eventually be replaced by something else 
as the available volumes become more and more exhausted.   

To understand how the next chapter in the saga of the Dark Monarchs un-
folds, one must first be aware of the physical mechanisms governing their 
formation, supply and production. From this knowledge, one can then esti-
mate future development and also predict future production paths.  

The black heart of everything in society is the dependence of fossil fuels. 
However, this also brings about another problem. Since fossil fuels dominate 
the existing energy system, they will have to power any possible shift to 
renewable or other energy sources (Moriatry and Honnery, 2009). The dark 
monarchs must be responsible for paving the road for their successors. Con-
sequently, the future development of fossil energy will be of paramount im-
portance.  

Understanding how the future unfolds is vital for strategic decisions and 
planning.  It is not surprising that the fine art of soothsaying, i.e. the practice 
of foretelling events, is among the world’s oldest professions. Non-scientific 
soothsaying is largely based on astute guesswork, unfathomable principles 
and ambiguous statements.  

In contrast, scientific soothsaying, also known as prediction or forecast-
ing, use the knowledge of a system, its mechanisms, past history and the 
physical data it depends upon to attempt to foretell its future evolution 
(Hubbert, 1959). All papers (I-X) include approaches, elements or methods 
of forecasting.  
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3.1 Coal formation  
Several bookshelves could easily be written or read about all the details of 
coal formation. This short chapter will just provide a very brief overview and 
refer to other works for more detailed discussion.  

Coal derives from vegetable remains that have been deposited in those 
lost legendary lands of the past. Only in certain environments can the re-
mains be preserved. Such environments are generally wet places where the 
annual input of dead organic matter from the photosynthetic activity of the 
plant cover exceeds annual breakdown. The plant debris undergoes several 
chemical changes due to bacterial decay, compaction, heat and time, which 
eventually leads to the formation of peat. 

The peat must be buried by additional sediments to be transformed to 
coal. Burial leads to compaction of the peat and squeezes out water during 
the initial stages. Continued burial and the addition of heat and time will 
break down the complex hydrocarbon compounds in the peat through a se-
ries of possible reactions. Methane and other gaseous alternatives are typi-
cally expelled from the deposit, while other elements disperse. The result is 
that the deposit becomes increasingly carbon-rich. The process begins with 
plant debris and continues through peat, lignite, subbituminous coal, bitumi-
nous coal, anthracite coal, to the pure carbon mineral graphite. This process 
is referred to as coalification (Figure 3.1).  

 

 
Figure 3.1. Schematic picture showing the coalification mechanism. Reproduced 
with kind permission from Kentucky Geological Survey and Stephen Greb.   
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3.1.1 Coal formation epochs  
It was not until the Carboniferous/Permian Period (around 300 million years 
ago) that the world’s plant cover was sufficiently rich to produce and pre-
serve significant amounts of coal. In total, three major coal formation peri-
ods have occurred and these coals form the bulk of the world’s coal reserves. 
They occurred during the Carboniferous/Permian period, Jurassic/Cretaceous 
period and the Tertiary period. Geological age distributions of the world’s 
principal black coal and lignite deposits have been compiled by Walker 
(2000). 

During the Carboniferous period most of what is today the Northern 
Hemisphere was located near the equator and consisted of tropical peat 
mires, which later formed the coal basins of Western and Eastern Europe, 
the Eastern USA and former Soviet Union. Coals were also formed in the 
areas that today make up South America, southern Africa, India, Australia 
and Antarctica, but this formation occurred under cooler, more temperate 
conditions. Coals formed at this time now make up the bulk of the world’s 
black coal reserves. They are generally high in rank, but may have under-
gone significant structural change.  

The climate changed during the Permian Period and the lush vegetation of 
the northern areas eventually ceased to deposit coal-forming sediments. 
New, but less abundant coal formation occurred during the Triassic, Jurassic 
and Cretaceous Periods. Such coals can mostly be found in Canada, China, 
Russia, and the USA. Changes in floral types, such as the onset of angio-
sperm floras, as well the variety of deposition environments generally lead to 
the formation of coals that are more complex in their chemical make-up.  

The third major period of coal formation took place during the Tertiary 
Period, and those coals form the bulk of the world’s brown coal reserves as 
well as important parts of the black coals currently being mined. Tertiary 
coals are mostly lignite, but in some areas temperature change has resulted in 
higher ranking coals.  

The age and stratigraphy of all major coal deposits have been studied ex-
tensively, in particular those formations that are of economic interest. Me-
ticulous surveys on individual fields are important for development and ac-
tual production, but such details for a single field can easily fill an entire 
bookshelf. More general overviews of the world’s most important coal re-
gions are available, such as Walker (2000), Thomas (2002) or Höök (2010). 

Some perspectives on the necessary timescales behind the formation of 
peat and coal resources are indispensable for a better understanding of the 
whole picture. Analysis of thick bituminous coal bed layers indicates that 
optimum peat-forming conditions must have been maintained for 5000 to 
10 000 years for every meter of clean bituminous coal (Ryer and Langer, 
1980). Coal cannot be formed at the same rate society uses it and is therefore 
a non-renewable fuel. 
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3.1.2 Coal resources and reserves 
Sometimes it is convenient to express coal deposits in energy terms, espe-
cially if they are going to be used as energy sources. Depending on specific 
properties of the coal in a deposit, the actual energy content may vary sig-
nificantly. Coal is divided into different ranks depending on the degree of 
coalification as it matures from peat to anthracite. Coal is broadly divided 
into these four ranks, namely anthracite, bituminous, subbituminous, and 
lignite, although much more detailed systems can be found.  

There are many classification systems used all over the world, each with 
their own set of definitions. The terms brown coal, black coal, hard coal, 
stone coal, thermal coal and steam coal are commonly used but their mean-
ing may vary from country to country. Lignite and subbituminous coals are 
commonly seen as low-ranking coals, while bituminous coal and anthracite 
are considered high-ranking coals. Caution should always be exercised when 
analyzing global coal data to avoid mixing up different classification 
schemes. 

It should be noted that the ranks tend to overlap in terms of energy and 
that the calorific value can vary within a rank depending on local geological 
properties. Relatively high moisture levels and a low carbon content and 
calorific value characterize low rank coals, such as lignite and subbitumi-
nous coal. Higher rank coals, such as anthracite and bituminous coal, have a 
higher carbon and energy content and a lower level of moisture. The follow-
ing energy contents of coal ranks are common (X): 

 
Anthracite: 30 MJ/kg, 
Bituminous coal: 18.8–29.3 MJ/kg,  
Subbituminous coal: 8.3–25 MJ/kg,  
Lignite: 5.5–14.3 MJ/kg, 
 
The coal-bearing regions are drilled and examined by exploration geolo-

gists to determine the available coal resources. Resources are commonly 
expressed as in situ tonnage, which is the total amount occurring in place. It 
can be calculated from the thickness of the deposit, the area of extent and the 
relative density. Thickness is commonly determined at each point of meas-
urement, while the area is measured on a map or plan. The relative density is 
normally taken from the section that will be mined, or alternatively it might 
be estimated using the known average ash content. By using average energy 
content, it is also possible to state resources on an energy basis. Thomas 
(2002) gives a formula for in situ tonnage: 

   (3.1) 
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However, resource numbers are relatively inadequate as they neither take 
economics into account nor include fundamental properties of energy source 
utilization or legal issues. Recoverability is the crucial property for produc-
tion and this leads to a variety of attempts to express the recoverable vol-
umes of coal, i.e. the reserves.  

Recoverable volumes are affected by many factors and are dynamic. 
Higher prices, new exploration or improved technology yield increased 
amounts of recoverable coal. In a similar way, increased freight rates, extrac-
tion costs or introduction of various restrictions can decrease recoverable 
volumes. Likewise, political influences can greatly influence demand pat-
terns. This is more extensively discussed in papers VIII, IX, and X. 

As an example, one may take the Gillette coal field in Wyoming and 
USGS’ comprehensive investigation of its coal supply. Luppens et al. (2008) 
assessed the Gillette coalfield and its eleven coal beds and estimated the 
original coal in place to be 182 Gt, with no restrictions applied. Available 
coal resources, which are part of the original resource that is accessible for 
potential mine development after subtracting all restrictions, are about 148 
Gt. Recoverable coal, which is the portion of available coal remaining after 
subtracting mining and processing losses, was determined and resulted in a 
total of 70 Gt. Applying economic constraints of 2008, the coal reserve esti-
mate for the Gillette coalfield is only 9.1 Gt. While economic conditions 
definitively have the largest impact, reductions caused by technical and 
availability restrictions are also significant (IX).  

Resource estimates are generally very poor indicators of what amounts 
that actually can be extracted and used by society. Consequently, it is impor-
tant to study how recoverability and availability has changed over time and 
attempt to estimate how it may behave in the future. This has been done for 
the USA in papers VIII and IX, while the world is treated in paper X.  

Like all fossil fuels, global coal supply is unevenly distributed and a small 
number of nations control the vast majority of the world’s coal (X). Just six 
countries – the USA, Russia, China, India, Australia and South Africa – con-
trol roughly 90% of the world’s coal reserves and resources.  
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3.2 Oil formation 
The historical development of oil formation theories have been reviewed by 
Höök et al. (2010a). Robelius (2007) also contains closer discussion on how 
oil reservoirs are formed and is recommended for a suitable introduction to 
this topic. Even more detailed material can be found in professional hand-
books, such as Selley (1998), Hyne (2001) or Satter et al. (2008). This sec-
tion will give a brief summary of how oilfields are formed.  

3.2.1 The petroleum system 
Oil fields are the basic units in any petroleum production unit. To find an oil 
or gas field, a complete petroleum system with all its necessary elements, 
must first have been formed. The essential elements are source rock, reser-
voir rock, seal rock, and overburden rock, and the required processes include 
trap formation and the generation-migration-accumulation of petroleum. All 
essential elements must be properly placed in time and space such that the 
processes required for forming a petroleum accumulation can occur. If any 
of the conditions are unfulfilled, there will not be any petroleum field 
(AAPG, 1994). This usually takes millions of years, making oil a non-
renewable resource formed at a much slower rate than the extraction rates 
used in oil production. A brief introduction to some of the necessary ele-
ments will follow.  

First of all a suitable source rock, containing preserved organic material, 
must be present somewhere relatively close to the reservoir. Without a 
source rock, no petroleum can be formed. The source rock must be buried to 
a suitable depth and once sufficient thermal energy has been passed on to the 
organic matter to break chemical bonds, the petroleum produced will be 
expelled and starts its migration towards the surface (Walters, 2006). If a 
source rock is not buried deep enough, the heat will not be enough to cause a 
chemical transformation of organic matter into petroleum. Oil shale, consist-
ing of sedimentary rocks with significant organic content that yields substan-
tial amounts of petroleum and gas upon destructive distillation (Dyni, 2005), 
can be seen as an ideal source rock, which never entered the oil window 
where it could produce petroleum. 

A field consists of one or several subsurface reservoirs, where hydrocar-
bons are located. In reality, hydrocarbons reside in the microscopic pore 
space of rocks, which are tiny void areas within the internal structure of the 
rocks. The situation is somewhat similar to a sponge soaked with water. If no 
suitable reservoir rock is present, there is no place that hydrocarbons can 
gather and form a commercially interesting accumulation.  

A tight and impermeable layer, commonly called seal or cap rock, must 
be present to trap hydrocarbons and prevent further migration (Selley, 1998). 
Otherwise, upward movement will continue, due to buoyancy, until the hy-
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drocarbons reach the surface, where they will be broken down and destroyed 
by microorganisms. Entrapment is an absolute necessity for any commer-
cially exploitable oil or gas accumulation (Robelius, 2007). If the seal is 
imperfect, small amounts can migrate to the surface and form oil seepages 
(Tiratsoo, 1984). In the early days of petroleum exploration, oil seepages 
were an important tool for locating reservoirs. In fact, several important oil 
fields, such as the Mexican giant Cantarell, were found as a result of oil 
seepages. 

There are many types of seals capable of generating a wide array of petro-
leum traps. A trap can be described “as any geometric arrangement of rock, 
regardless of origin, that permits significant accumulations of oil or gas, or 
both, in the subsurface” according to AAPG (1994). Low permeability mate-
rials and rocks make ideal seals, due to high capillary entry pressure. Mud-
rocks are the most common seals, while salt and other evaporates are the 
most effective ones (Selley, 1998). Structural traps, caused by tectonic proc-
esses after the deposition of the rock beds, are the most common seal among 
the world’s largest oil fields (AAPG, 1970). Stratigraphic traps, caused by 
changes in rock lithology, and combination traps, consisting of both struc-
tural and stratigraphic traps, are the other two main types of petroleum traps. 
A conceptual picture of an oilfield can be seen in Figure 3.2.  

 
Figure 3.2. Simplified picture of an oilfield. Hydrocarbons originating from the 
source rock have been trapped under the seal and form a petroleum accumulation 
or oilfield.   
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3.2.2 Oil resources and reserves 
All oil and gas fields represent a limited geological structure, and conse-
quently, they have an upper limit of how much hydrocarbons they contain. 
The size of the trap and reservoir, which can be defined by geological and 
geophysical methods, gives an estimate of the potential volume of oil in the 
field, before the drilling has begun. As borehole data and production data 
becomes available, the reserve estimate will tend towards increasing accu-
racy (Dake, 2004).  

The total volume of oil in a field is commonly referred to as either oil ini-
tially in place (OIIP) or oil originally in place (OOIP) or sometimes just oil 
in place (OIP). This is equivalent to the total amount of oil residing in the 
pores of one or more reservoirs making up a field (Robelius, 2007). It is 
relatively straightforward to calculate OIIP if the areal extent and thickness 
of the reservoir is known together with the average porosity and saturation 
levels. In practice, OIIP estimates gets more complicated since both porosity 
and saturation varies throughout the reservoir.  

Far from all of the oil in place can be recovered from a given reservoir. 
The recoverable amount of the oil in place is classified as the reserve (Equa-
tion 3.2). The recovery factor (RF) is a dynamic value, representing the es-
timated percentage of the total oil in place volume that can be recovered. RF 
depends on many parameters, such as rock and fluid properties, reservoir 
drive mechanism and production technology, variations in the formation and 
the development process (Robelius, 2007). In some modern reservoir simula-
tors it is not necessary to use OIIP or RF at all to estimate reserves.  
  (3.2) 
 

The recoverable percentage of the OIIP can vary from less than 10% to 
more than 80% depending on individual reservoir properties and recovery 
methods, but the global average is as low as around 20% (Miller, 1995). 
Meling (2005) estimates the global average recovery factor to 29%, which is 
expected to be improved to 38% with new technologies. Laherrere (2003) 
writes that improved recovery factors due to technical progress cannot be 
justified with available data from individual oil fields or global data sets. 
However, technology can bring significant increases in recoverable volumes 
in more unconventional oil formations.  

To avoid issues with reserve growth and dynamic reserve figures in calcu-
lations, it is often convenient to use some form of estimate ultimate recovery 
of hydrocarbons from the field. This is often called ultimate recoverable 
resources (URR), estimated ultimate recovery (EUR), or ultimate reserves. 
This figure represents the total recovery from a field, which is past produc-
tion plus reserves, where reserves is defined arbitrarily depending on confi-
dence interval (Höök, 2009).    



 49

As always, there are many reserve classification systems in use in the 
world. Some countries use their own systems, such as the Russian petroleum 
classification “A+B+C” scheme. One classification systems can often be 
roughly translated to another, making it less complicated to obtain interna-
tionally comparable estimates. The industry has developed a system based 
on proved, probable and possible reserves and this system is often the most 
convenient to use since it is internationally recognised.  

1P is the short form for proved reserves and may be defined as reserves 
which on the available evidence are virtually certain to be technically and 
commercially producible, i.e. have a better than 90% chance of being pro-
duced (UK DECC, 2010). As an alternative notation, one can sometimes see 
P90 which would refer to a reserve with 90% probability of being recovered. 
Similar notation may also be used to form reserves with an arbitrary prob-
ability of existing. However, other countries or organizations may use differ-
ent probabilities or the vague, arbitrary phrase “reasonable certainty” for 
defining 1P reserves.  

Probable reserves are reserves which are not yet proven, but which are es-
timated to have a better than 50% chance of being technically and commer-
cially producible (UK DECC, 2010). Proved plus probable reserves are usu-
ally called 2P, but sometimes P+P. In order to minimize the dynamic as-
pects of URR, Robelius (2007) used 2P reserve figures. The importance of 
using 2P reserves has also been stated by Bentley et al. (2007).  

Possible reserves are reserves which at present cannot be regarded as 
probable, but which are estimated to have a significant but less than 50% 
chance of being technically and commercially producible (UK DECC, 
2010). Combining proved reserves, probable reserves and possible reserves 
yields 3P.  

The importance of understanding these definitions can be seen in a recent 
round of the debate surrounding the status of reserves. Watkins (2006) came 
to the conclusion that oil was more plentiful now than 30 years ago, but 
Bentley et al. (2007) responded showing that Watkins' conclusions was 
flawed since he only used 1P reserves. If he had been using 2P data instead, 
a very different picture with an imminent resource-limited production peak 
would have emerged. Bentley et al. (2007) is highly recommended as a more 
comprehensive study of reserve definitions and their influence on forecasts.   

Reserve classification systems are generally a labyrinth of delicate defini-
tions and probability measures. Failure to understand the complexity, misin-
terpretations or political motives may easily lead to a false picture of what 
can actually be recovered. Campbell and Heapes (2009) take USGS assess-
ment of petroleum reserves in the un-drilled East Greenland as an example 
of how a probabilistic approach may be used in a questionable way. Accord-
ing to Campbell and Heapes (2009), USGS states that there is a 95% prob-
ability of finding more than zero, namely at least one barrel, and a 5% prob-
ability of finding more than 112 billion barrels, which together delivers a 
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mean value (as the mean of the P95 and P5 reserves) of 47 billion barrels, 
which is later reported as the reserves in official assessments.   

Former Total petroleum geologist Jean Laherrere often says that publish-
ing reserve figures is a largely political act (for example: Laherrere, 2005; 
Laherrere, 2006). Campbell and Heapes (2009) also agree with this picture, 
attributing economic incentives and the need to deliver satisfactory financial 
records as driving forces behind obscuring technical data and geological 
estimates.   

3.3 Coal and oil recovery methods   
Once interesting deposits of coal and oil has been located and found suitable 
for development, recovery can be carried out in many ways. The goal is to 
extract the fossil resources from their geological deposit and make them 
available for human needs and activities. This is commonly referred to as the 
production stage.  

However, production can be seen as a slightly misleading word when it 
comes to non-renewable resources such as coal or oil. Production infers that 
something is created, although this is not entirely true. To be more correct, 
certain amounts of the fossil fuel is extracted from its geological storage and 
rendered available for human use. One can argue that “extraction” is a per-
haps more reasonable word. However, the accepted terminology dictates that 
fossil fuels are produced.  

3.3.1 Coal production  
Coal mining can be done from the surface by using draglines and other ma-
chines to remove the overburden and expose the coal for recovery. Surface 
mining methods can generally recover a high percentage of the coal and are 
relatively cost effective. However, there are limits to the amount of overbur-
den that can be practically removed to obtain access to the coal. Above cer-
tain stripping ratios (the amount of overburden that must be removed divided 
by the amount of recoverable coal), the surface method becomes unworkable 
and is replaced by underground mining. 

In comparison, underground mining is more complicated and expensive 
and recovers less coal since certain parts must be left to support the roof. Up 
to 40% of the total coal in a coal seam may be left as supporting pillars, al-
though this sometimes can be recovered at a later stage. Worldwide about 
40% of the production originates from surface mines, while 60% stems from 
underground operations. Surface mining dominates in some important pro-
ducing countries (World Coal Institute, 2005). The chosen production 
method will have a significant impact on the economic as well as technical 
restrictions that affect the recoverability of the coal. 
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3.3.2 Oil production 
Within the oil reservoir, the flow of fluids is the governing factor for the 
extraction process. Any hydrocarbon fluids must reach the production wells 
to be extracted and consequently, the rock properties affecting fluid mobility 
will have a major influence on the amount that can be extracted and also on 
how fast it can be extracted.  

Viscosity, gravity drainage and capillary effects are the main forces gov-
erning the flow (Satter et al., 2008). Viscous forces dominate the behaviour 
of fluids, both produced and injected, in a reservoir. Under viscous condi-
tions, flow rates are laminar and proportional to the pressure gradient that 
exists in the reservoir (Satter et al., 2008). However, there are examples of 
tilted reservoirs and dipping formations, where gravity drainage is the prime 
driving force.  

Capillary forces are a result of surface tension between the fluid phase 
and the pore walls, something that can form sealing conditions if the capil-
lary entry pressure is high. Gravity and capillary forces act in the opposite 
directions and can be used to determine the initial distribution and saturation 
of oil, gas and water in any hydrocarbon-bearing porous structure (Satter et 
al., 2008). The movement of fluids in a reservoir depends on the following 
factors: 

 
• Depletion (leading to a decrease in reservoir pressure) 
• Compressibility of the rock/fluid system 
• Dissolution of the gas phase into the liquid 
• Formation slope 
• Capillary rise through microscopic pores 
• Additional energy provided from aquifer or gas cap 
• External fluid injection 
• Thermal, miscible or similar of manipulation of fluid properties  

 
In most reservoirs, more than one factor is responsible for the flow of flu-

ids and closer discussion on this can be found in Satter et al. (2008). Some 
parameters can be affected by man-made measures, while others cannot. The 
slope of the hydrocarbon-bearing formation is an example of a flow parame-
ter that is fixed, while external fluid injection is dynamic and dependent on 
installed technology and production strategy.  

In most reservoirs, more than one factor is responsible for the flow of flu-
ids and closer discussion on this can be found in Satter et al. (2008). Some 
parameters can be affected by man-made measures, while others cannot. The 
slope of the hydrocarbon-bearing formation is an example of a flow parame-
ter that is fixed, while external fluid injection is dynamic and dependent on 
installed technology and production strategy. Once petroleum oil reservoir 
has been located, the actual extraction of its hydrocarbon content can begin. 
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A good introductory description of production methods and various technical 
components can be found in Robelius (2007).  

Initially, oil is recovered through the energy that is occurring naturally in 
the reservoir (buoyancy energy, pressure energy, etc.), for instance via gas 
drive or water drive mechanisms. This can be called the primary recovery 
method and usually 10-30% of the oil in place can be recovered this way 
(Kjärstad and Johnsson, 2009). Differences from field to field can occur, 
since individual reservoir properties can greatly influence recovery success.  

Secondary recovery methods utilize injection of water and/or gas to main-
tain pressure, thus feeding additional energy to the reservoir. About 30-50% 
of the oil in place can be recovered by use of primary and secondary recov-
ery methods (IHS, 2007; Kjärstad and Johnsson, 2009). Today, almost 100% 
of all oil fields suitable for secondary recovery methods are using it (IHS, 
2007). In other words, the easiest measures to increase recovery have already 
been done.   

Tertiary recovery methods, or enhanced oil recovery (EOR), include more 
complex methods, such as injection of polymer solutions, surfactants, mi-
crobes, nitrogen or carbon dioxide, capable of influencing rock and fluid 
properties. Only a small fraction of the world’s oil fields are using EOR 
(IHS, 2007), which may be due to high costs and requirements of advanced 
technology. In the end, recovered volume cannot be larger than the oil in 
place. 

3.5 Production patterns of finite resources? 
The peaking of British coal production (Figure 2.2), the anthracite coal in 
Pennsylvania (VIII), many other US states (IX) or Germany and Japan (X) 
may be seen as good examples of how regional or national coal production 
can reach a maximum level. The peak in the US, Indonesian, and the UK oil 
production (Figure 2.4, 2.5 and 2.6), North Sea (I, V, VI) as well as many 
individual giant oilfields (II, III) shows that peaking and the arrival of a 
maximum oil production also are well established phenomena in history.    

From the formation processes of both coal and oil it is clear that they are 
not renewable over human timescale and essentially a finite resource. The 
historical events have also shown how various resources have been depleted 
and made excellent cases for both coal and oil. One may even dare to claim 
that it is generally accepted by both scholar and common people that fossil 
fuels are a finite resource.  

The term “finite resource” is frequently used but few people seem to pon-
der what it actually means. When it comes to natural resources, one can ar-
gue that production limits are determined by the extraction and creation 
rates. If extraction of a resource is faster than replenishment rate the resource 
will be “finite” in the sense that it will eventually be exhausted or depleted.  
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For example, uranium is a finite resource since it is originates from the 
ashes of supernovas (Burbidge et al., 1957), requiring many millions or bil-
lions of years to accumulate commercially interesting concentrations (World 
Nuclear Association, 2006). According to the standard formation theories of 
coal and oil, millions of years are required for transformation into the fossil 
fuels used today (AAPG, 1994; Thomas, 2002), while production activities 
extract the coal and oil much faster. How do these properties affect human 
use of finite resources? Can these simple properties affect the production 
patterns? 

Returning to the whaling mentioned in section 2.2.1, one can see some 
striking properties in the historical production of whale oil and whale bone. 
The whales were on the verge of becoming extinct despite their “renewable” 
nature prior to the use of crude oil (Bardi and Yaxley, 2005; Bardi, 2007). 
The case of whaling in 19th century is an excellent illustration of a case 
where a resource has been extracted at a much faster rate than it could be 
replaced, making it finite. In a similar way, a forest can be “renewable” if 
the annual outtake is no more than the annual growth. There are examples of 
how over-extraction of wood fuels has turned woodlands into finite re-
sources that resulted in eroded, deforested areas without any usable wood 
fuel production (Johansson, 2007).  

Many historical examples of how production patterns of various resources 
behaved are available. Simple examples are how whale oil and whale bone 
production showed a very clear “bell shaped” curve (Figure 2.1). Just like 
UK coal production (Figure 2.2) and U.S. oil production (Figure 2.4).  

An American geologist, M.K. Hubbert, is often seen as the father of peak 
oil theory and one of the founders of the branch of mathematical geology 
dealing with resource depletion. Hubbert (1956) proposed a basic model for 
the extrapolation of finite resource production curves into the future. His 
model was very influential for resource analysts and forecasters of future 
production Post-Hubbert modellers have developed many refined and alter-
native methods to predict future production. However, the general idea that 
production will be limited by the recoverable amounts has been a strong 
pillar in all approaches.  

Bardi (2005) has shown that bell shaped behaviour are typical for fossil 
fuel and mineral extraction, but the curve is not necessarily symmetric. 
However, the appearance of one or several production peaks is natural and 
omnipresent. This will be discussed in greater detail in the rest of this thesis. 
All my papers and research have been centred on modelling future produc-
tion of coal and oil.  

Natural resources are vital in supporting the continued well-being of the 
world’s population. Metals, fossil fuels, minerals and other resources are 
critical components for the modern society. Conceptually, all resources must 
be subjected to a physical limitation due to the earth’s intrinsic finiteness as 
a limiting sphere or the limited lifetime of the sun. Such physical resource 
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limitations, primarily the case of finite resources and as fossil fuels, affect 
the general growth pattern. 

To summarize, one knows that coal and oil is finite resources and that the 
finite nature of any resource seems to affect the production pattern. Using 
this knowledge, it is possible to formulate a general idea of how the sequel to 
the rise of the Dark Monarchs will unfold. The rise will be followed by se-
quel of decay, were the leading role in the global energy system slowly 
withers away. Ultimately, the Dark Monarchs will fall due to the finite na-
ture of their base of power, but first the problem must be properly ap-
proached so that the underlying mechanisms may be understood. 
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4. Approaching the problem 

The naturalistic approach to science and observations of reality is based 
upon the position that the universe obeys certain rules and laws of natural 
origin. It forms the philosophical foundation of natural science, including all 
forms of physics. Natural science is also the basis of applied sciences, where 
the scientific method and knowledge is used to solve practical problems. 
Sciences such as engineering and technology are closely related to the ap-
plied sciences. Resource physics and the study of global energy systems, 
such as petroleum or coal, are examples of the application of engineering 
science and applied physics to characterize and describe the utilization of 
resources for energy production in society.  

An important part of any form of hydrocarbon modelling is to uncover 
mathematical models for the physical behaviour of the production processes. 
The core of this methodology is perhaps best captured by a quotation about 
the theory of gravity from Isaac Newton (1726): 
 

“I have not as yet been able to discover the reason for these properties of 
gravity from phenomena, and I do not feign hypotheses. For whatever is not 
deduced from the phenomena must be called a hypothesis; and hypotheses, 
whether metaphysical or physical, or based on occult qualities, or mechani-
cal, have no place in experimental philosophy. In this philosophy particular 
propositions are inferred from the phenomena, and afterwards rendered gen-
eral by induction.” 

 
Resource physics and analysis of global energy systems involves pure 

physics to a high degree, but there are also elements of social, economic or 
political nature. Ultimately, physics will dominate and determine the limita-
tions, since neither economical incentives nor political motives are able to 
bend or break the natural laws that govern reality. This is strikingly para-
phrased in a line from Star Trek chief engineer Scotty (2266): 

 
“I can’t change the laws of physics!” 

 
Thermodynamics and energy balance relations will ultimately put limits 

on all energy sources. For obvious reasons, any energy source must yield 
more energy than they require for functioning. Otherwise, they would be 
“energy sinks” and would not be able to deliver any useful energy to users or 
society. This leads to the basic definition of energy-returned-on-energy-
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invested (EROEI) as shown in Equation 4.1. More comprehensive discus-
sions on EROEI-theory can be found in paper IX and references therein.  
  

 
 

(4.1) 

Coal and oil production require energy input to power machines, workers 
and other parts of the extraction process. For example, coal layers will at 
some point become too thin, located too deep, or containing too much non-
combustible material to repay the energy investment needed for recovery of 
the coal. Likewise, oil production will become increasingly challenging. 
Required energy investment is an as an underlying parameter that will be 
dominate over all other factors. Hubbert (1982) wrote:  
 

“There is a different and more fundamental cost that is independent of the 
monetary price. That is the energy cost of exploration and production. So 
long as oil is used as a source of energy, when the energy cost of recovering a 
barrel of oil becomes greater than the energy content of the oil, production 
will cease no matter what the monetary price may be”.  

 
The energy return will put a limit on certain deposits and at some point it 

is no longer feasible to extract coal or oil as energy sources. This manifests 
itself through various depletion mechanisms that can be studied by natural 
science. To properly approach the problem, one must first acquire the neces-
sary data and the essential analytical tools.  

4.1 Data gathering  
A model or calculated result can never be better than the data they rely upon. 
Therefore it is essential to locate and obtain good, reliable and accurate data. 
Sometimes this is even quite a challenging task that requires significant time. 
As a consequence, a large part of the work behind the papers has been fo-
cused on obtaining good data and cataloguing it in suitable databases. 

Some governments or agencies release their data openly which is very 
convenient for an analyst. The Norwegian Petroleum Directorate (NPD) is 
one such example. Other important data sources have been International 
Energy Agency (IEA), Energy Information Administration (EIA), World 
Energy Council (WEC), US Geological Survey (USGS), Federal German 
Institute of Geosciences and Natural Resources (BGR) and other similar 
organizations.  

Sometimes, one must do much more digging to locate useable data or 
when seeking more specific data. The Society of Petroleum Engineers 
(SPE), the International Association of Mathematical Geosciences (IAMG), 
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certain academic publications or books, different petroleum or coal related 
trade journals, statistical yearbooks from various companies and similar 
sources have also shown to be important data suppliers.  

Much of the giant oil field database was compiled by my previous col-
league Fredrik Robelius in his thesis (Robelius, 2007). In many ways, the 
work on giant fields (III, IV) may be seen as a more detailed analysis of his 
material. A part of the work has also been to redevelop and update the Upp-
sala Giant Oilfield Database.  

In addition, compiling field and production data for several other coun-
tries, such as Norway (I), Denmark (V), or China (VII) has been a major 
activity. The North Sea region, i.e. Denmark, Norway and the UK, has been 
a principal region for analysis due to the openly available data.  

Regarding coal, compilation and development of a detailed database for 
the USA has been done (VIII, IX). This database includes long time series 
with production data, estimates of resources and recoverable reserves and 
other parameters of interest. This database contains information from 1800 
to present.  

Relevant data for the other major coal nations in the world has also been 
collected and included in relevant databases. About 90% of the world coal 
can be found in just six countries, i.e. the Big Six (X). Consequently, they 
have been a main point for much of the coal data gathering. Coal supply and 
production data of many individual countries has been traced back to 1900 
or even earlier.  

More general statistics on the world’s energy systems have also been 
compiled and integrated into Uppsala Global Energy Systems databases, 
such as global production and consumption figures by energy source.  

Regarding data reliability, the intrinsic uncertainties in the data under ob-
servation is a problem. For example, the unreliability of reported oil reserves 
figures introduces interpretation complications and error propagation. Re-
serve figures can be obscured by politics and economic incentives act (for 
example: Laherrere, 2005; Laherrere, 2006; Campbell and Heapes, 2009). In 
this respect, the golden rule of modelling, “garbage in – garbage out” 
should always be held dear.   

 As a general remark it should be noted that it is only the behaviour of 
publically published data that is analyzed. This thesis has not undertaken any 
form of analysis on proprietary data or company-exclusive material. Closer 
description of the data used in each study, can be found in papers I-X.   
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4.2 Data analysis overview 
The compiled data has been studied in different ways, mostly by different 
methods that fall under the field of time series analysis. Time series analysis 
comprises of various methods for analyzing time series data to extract mean-
ingful statistics and other characteristics of the data set. Descriptive statisti-
cal analyses and curve fits have been an integral part of finding underlying 
pattern and render them general to better understand the global energy sys-
tem or observed production patterns.   

Time series forecasting is the use of a suitable model to forecast future 
events based on known past events, i.e. to predict data points before they are 
measured. Some examples of time series forecasting is prediction of future 
coal production based on historical behaviour or extrapolation of historical 
natural gas discovery trends to assess the potential for new discoveries in the 
future. A few common methods in time series analysis and forecasting are 
spectral analysis, ARMA/ARIMA-techniques and various trend estimations 
approaches, such as fitting of suitable curves. Time series analysis has been 
summarized by others (Hamilton, 1994; Sprott, 2003; Chatfield, 2004).  

A traditional method of dealing with non-seasonal data that displays a 
trend, in particular annual data, is to fit a suitable curve and use it for de-
scribing changes and even projecting future trends. Those curve fits can be 
rather arbitrary, ranging from linear to very complex functions. This section 
will summarize some key aspects behind curve fitting in energy systems 
analysis and forecasting. Good understanding of fundamental curve models 
used for description and prediction are necessary for all energy system ana-
lysts. Reliable analysis of trends in energy systems, and how to accurately 
forecast them, are vital for planning and strategic decisions. The primary 
objective for any form of curve fit may be descriptive or predictive.  

 
(1) Descriptive curve fits aim to describe the time series information with 

relatively few parameters to characterize the behaviour of the data studied. 
Phenomenological description of a general behaviour with some suitable 
parameters in terms of the physical ability to interpret is the primary goal, 
i.e. understanding of the interrelationships of included parameters and how 
they contribute to the observed pattern.  

 
(2) Predictive curve fits can be used to forecast future growth and to de-

termine how the future might unfold dependent upon known limitations in 
one or many of the curve parameters. This can be done with a single curve or 
a sum of curves, depending on the situation.  

 
The “goodness of fit” is determined by the deviation of actual data points 

from corresponding points on the curve to be described. It follows naturally, 
that the best fit of a time series with n points is a (n-1) polynomial. However, 
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polynomials of high degree neither have reliable behaviour for extrapolating, 
nor are the (n-1) estimated parameters likely to hold any physical meaning. 
Physical models capable of describing observed behaviour or providing out-
looks must have a connection to the physical parameters. This generally 
implies that relatively few parameters should be used. There is also the risk 
of obtaining mathematically correct, but physically meaningless, estimates 
of parameters in numerical calculations.  

In a similar way, using too many curves can end up with a similar situa-
tion, as virtually anything thing can provide a fit with good agreement to the 
data using a sufficiently large sum of curves (resembling the case of a Fou-
rier series). This may lead to something called “overfitting”, i.e. the model 
describes random errors instead of the underlying trend. Overfitting gener-
ally occurs when a model is excessively complex, such as having too many 
variables or cycles in relation to the amount of data available. A model 
which has been overfit will generally have poor predictive performance, as it 
can exaggerate minor fluctuations in the data. However, adding more cycles 
can also describe new expansion phases, discoveries or development stages 
not described by the first cycle. Cross-validation, statistical regularization or 
similar approaches can be used to prevent overfitting, but in many cases are 
just common sense enough. Multicyclic curve models have been used in 
several studies (Laherrere, 1997; Imam et al., 2004; Nashawi et al., 2010; 
Patzek and Croft, 2010). Paper VIII and IX used a dual curve fitting ap-
proach, while the other papers have avoided doing multi-cyclic modelling.      

4.3 Numerical software and computations 
The data analysis has been done in Microsoft Excel and used various add-
ins, such as the Solver or Analysis ToolPak. This choice was partly due to 
the easy-going interface, but also because of compatibility reasons since 
Fredrik Robelius performed his work in Excel. In fact, the most widely used 
piece of software for statistics in the world is Excel (McCullough, 2008). 

Many statistical parameters (average, median, standard deviation, etc.) 
can be calculated directly by specific functions built into Excel. Excel is not 
among the best statistical software and fails a number of intermediate tests in 
terms of accuracy (McCullough and Heiser, 2008). However, Excels accu-
racy is good enough for applied settings and commonly used in everything 
from finance to kinetic chemical reactions and chromatography.  

The Solver add-in has been a corner stone in the numerical analysis be-
hind the curve fits done in the research behind this thesis. It is a general-
purpose optimization package that can find the maximum, minimum or 
specified value of a target cell in a spreadsheet. It has been extensively used 
to minimize the sum of squares of residuals and perform least-squares curve 
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fitting. The Excel Solver can handle up to 200 variables, but none of the 
models used in papers I-X had that many fitting parameters.   

The Solver uses the Simplex routine and branch-and-bound algorithm for 
linear and integer problems. The Generalized Reduced Gradient (GRG2) 
nonlinear optimization code (Fylstra et al., 1998) is used for nonlinear prob-
lems (de Levie, 2001; Billo, 2007).  

Computational difficulty and mathematical tractability varies with the 
choice of curves and the data set. Sensitivity to frequency and regularity of 
data is common in some cases. Iterative algorithms can be sensitive to the 
choice of starting values and may not even converge. Consequently, it was 
sometimes necessary to inspect the numerical solutions graphically to make 
sure that the solution was feasible. Solver sometimes have a tendency to get 
stuck on local minima instead of locating the global minimum (McCullough 
and Heiser, 2008). 

Some minor numerical works have been done in MATLAB, primarily as 
a means to verify results from Excel. This was often done by an implementa-
tion of the famous Levenberg-Marquardt algorithm (Levenberg, 1944; 
Marquardt, 1963). For general statistical analysis, analysis functions and 
packages only available in MATLAB were also used occasionally to sub-
stantiate the output from Excel.   
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5. The concept of depletion 

Today, over 80% of the world’s energy is derived from fossil fuels (IEA, 
2010). However, there have been a number of studies questioning the lon-
gevity of the world’s fossil fuel endowment and suggesting that extraction 
rates would one day reach a maximum and then begin to decline. The con-
cept of resource depletion and exhaustion of the amounts available for pro-
duction is by no means a new idea. It has been used by many scientists, 
mostly from the field of natural science, to highlight the intrinsic limitations 
in nature and the unsustainable exploitation of certain natural resources. 

Science fiction author Jules Verne (1864) wrote a passage about coal 
fields and how decades of accelerated consumption would one day lead to 
exhaustion unless the industrial world devised a remedy. Later, Jevons 
(1866) looked at production growth rates and estimates of recoverable vol-
umes. He found that growth could not continue unendingly due to a lack of 
coal and correctly foresaw the coming peak in British coal extraction. More 
recently, Rotty (1979) stated that one should be able to make a more accu-
rate analysis than simply projecting continued exponential growth in at-
tempting to estimate the energy supply and demand of the future. 

However, perpetual growth is often held as a pious belief and fundamen-
tal assumption for certain economists. Naturally, perpetual growth cannot be 
used as an underlying assumption for non-renewable energy sources, such as 
fossil fuels. Even former technological and economic optimists are now see-
ing the end of an era with exponential growth (Ayres, 2006). This is hardly 
surprising, given the underlying arithmetic properties of growth and how 
quickly unreasonable values are reached for resource production and con-
sumption even for modest growth rates (Bartlett, 1993; 1999; 2004). 

Relying on natural limits and geology, Hubbert (1956) was the first to 
specifically suggest that petroleum extraction would peak. More generally, 
Meadows et al. (1972) echoed the concerns of Malthus (1798) regarding the 
interaction between mankind’s increasing exploitation of the earth and ex-
traction of finite resources. Campbell and Laherrere (1998) later revitalized 
Hubbert’s alarm and later helped to form the international Association for 
the Study of Peak Oil and Gas (ASPO). Today, hundreds of scientific arti-
cles and studies have been performed regarding peak oil and the depletion of 
other fossil fuels. Combined with the environmental concerns and the sug-
gested need to reduce greenhouse gas emissions from fossil fuel use, it is 
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only reasonable to assume that fossil fuels will have a smaller place in the 
future global energy supply mix.  

Regarding coal and oil, depletion can also be tied back to the underlying 
physical parameters that govern the production behaviour. Papers I-X are 
chiefly built around the study of physical parameters in the production of 
coal and oil. The underlying physical mechanisms must be properly under-
stood, since they will ultimately impose limits on all production activities.  

This section overviews the driving force behind the coming fall of the 
Dark Monarchs, namely depletion. These mechanisms can be separated into 
direct depletion mechanisms, unswervingly tied to the physical laws govern-
ing the reality, and indirect depletion mechanisms, more general and subtle 
relations not directly tied to natural laws.  

5.1 Direct depletion mechanisms 
Papers I-VII have primarily dealt with modelling and analysis of individual 
oilfields. Consequently, this subsection will focus on the depletion mecha-
nism in individual oilfields and how it manifests itself as a declining produc-
tion rate. Oil is a special case of depletion, since it can be directly tied to the 
physical laws that govern production flows.  
 
5.1.1 Oil reservoir fundamentals 
An oilfield consists of one or several subsurface reservoirs, where hydrocar-
bons are located. Reservoirs are not subterranean ponds or pools of oil. In 
reality, hydrocarbons reside in the microscopic pore space of rocks, which 
are tiny void areas within the internal structure of the rocks. The situation is 
somewhat similar to a sponge soaked with water. If no suitable reservoir 
rock is present, there is no place where hydrocarbons can gather and form a 
commercially extractable accumulation.  

The term porosity refers to the percentage of pore volume compared to 
the total bulk volume of a rock. A high porosity means that the rock can 
contain more oil per volume unit. A simplified picture of this can be seen in 
Figure 5.1. Greater burial depth generally leads to a compaction of the sedi-
ments, which results in a decreased porosity (Selley, 1998).  

Any type of rock can be a reservoir as long as the pore space is large 
enough to store fluids and well enough connected to effectively allow flows. 
However, sedimentary rocks such as sandstones and carbonates are the most 
frequently occurring reservoir types and sedimentary reservoirs dominate the 
worlds known oil fields (Tiratsoo, 1984). Porosities of more than 15% are 
deemed good or even excellent for oil reservoirs (Hyne, 2001).  
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Figure 5.1. Simplified examples of materials with high and low porosity. Rocks with 
high porosity, such as sandstones, make ideal reservoirs as the pores both can store a 
large amount of oil as well as allow fluid flows. Compact granite and other low 
porosity rocks are unsuitable reservoirs.   

Oil, gas and water saturation levels are important factors and refer to the 
percentage of the pore volume that is occupied by oil or gas. An oil satura-
tion level of 20% means that 20% of the pore volume is occupied by oil, 
while the rest is gas or water. Closer discussion on this can be found in Dake 
(2004). If oil is supposed to be able to flow, the oil saturation must be over a 
certain value, often referred to as the critical oil saturation (Robelius, 2007). 

A main driving force of secondary mitigation from the source rock to the 
reservoir is the buoyancy force. Most sedimentary rocks have their pores 
filled with water to some extent in normal circumstances (Selley, 1998). Oil 
is less dense than water and the difference in density will cause a buoyancy 
force, driving the oil upwards in the water. The principle goes back to An-
cient Greek and Archimedes’ classical treatise On Floating Bodies. The 
situation is also similar to that of a hot air balloon. As long as the oil droplet 
is smaller than the narrowest part of the rock pore, commonly called the pore 
throat, it will continue to move upwards (Selley, 1998).  

Throughout development of the reservoir, the pore content might change 
due to production or other parameters affecting the reservoir. Usually water 
is replacing the extracted oil as shown in Figure 5.2. It should also be noted 
that rock properties are seldom known in all locations of the reservoir. Po-
rosity and other properties are estimated between wells by geostatistical 
modelling and naturally result in some uncertainties.  
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Figure 5.2. Microscopic picture of a typical reservoir rock. The fluid distribution is 
shown in a) the initial stage, i.e. after discovery and b) after depletion due to oil 
production. Oil is being replaced by water in the pore space during the reservoir life 
cycle. Adapted from Satter et al. (2008) 

Pores have two purposes in a reservoir. The first role is as a storage space 
for oil and other hydrocarbons, the second role is as a transmission network 
for fluid flows. Consequently, it is necessary that the pores are connected to 
allow movement of the hydrocarbons within the reservoir. This was first 
investigated by French engineer Henry Darcy (1856), who studies fluid 
flows through a bed of packed sand. He derived a phenomenological expres-
sion to describe the behaviour and this is today known as Darcy’s law (Equa-
tion 5.1). Darcy’s law is analogous to Fourier’s heat conduction law or 
Fick’s law of diffusion. Alternatively, Darcy’s law can be directly derived 
from the Navier-Stokes equations (Neuman, 1977). The ability of a rock to 
permit fluid movement is called permeability, usually denoted .  

 
 

 
 

 
(5.1) 

Where q = volumetric flow rate, k = permeability, A = cross-sectional 
area, µ = fluid viscosity, and ∂P/∂L = pressure gradient over the length of the 
flow path. 

Permeability can differ in different directions, and generally horizontal 
permeability is greater than vertical (Selley, 1998). Pumice stone, well-
known for floating on water, can have porosities of up to 90% but lacks any 
permeability at all due to highly isolated pores (Dandekar, 2006). Conse-
quently, this makes pumice a bad reservoir rock. The reverse can also be 
true, as low-porosity rocks such as micro-fractured carbonate can allow un-
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impeded flows in the fractures. Good reservoirs are dependent on both po-
rosity and permeability. In general, reservoir rocks do not demonstrate any 
solid theoretical relationship between these properties, making practical rela-
tionships and empirical surveys important.  

Fractures, cracks and rifts can transmit fluids well, thus partially bypass-
ing permeability problems caused by the pore structure, and this have been 
known to have a major influence on reservoir flows in certain reservoirs. 
This is also a property that can be affected with suitable technology. For 
example, fracturing techniques are used to enhance production in many Dan-
ish chalk reservoirs with low permeability (V). A complete overview of res-
ervoir rocks and their fluid properties can be found in Dandekar (2006). 

5.1.2 Depletion-driven production decline in oilfields 
Fluid flows in porous media can be simulated to high levels of complexity or 
simplicity, largely depending on details in the flow model. These types of 
flow processes generally lead to complicated behaviour and mathematical 
models must include statistical analysis, fractal and/or stochastic procedures 
(Ramiréz, 2008).  

Many reservoir simulation models are dependent on various numerical 
models. One example is the ECLIPSE oil and gas simulator from Schlum-
berger Information Solutions (2009), which uses an implicit three dimen-
sional finite difference approach to solve material and energy balance equa-
tions in multiphase fluid system with up to four components in a subsurface 
reservoir with complex geometry. Traditionally finite difference methods 
dominate, but finite elements and streamlined numerical models are also 
used. Recently even more advanced computational techniques, such as neu-
ral networks and fuzzy logic (Zellou and Ouenes, 2007) or algebraic multi-
grids (Stüben et al., 2007), have been utilized to model reservoir flows. 

Combining the reservoir flow models with drilling and development plans 
along with economic investment models for the field can result in accurate 
descriptions of actual production and how it changes over time. However, 
precise prediction of fluid flows usually requires detailed data and knowl-
edge of many important reservoir properties and parameters, such as perme-
ability, pressure and similar. Drilling plans and details around installations 
and development schemes are also seldom openly available. In practical 
cases, much of the necessary data for accurate modelling is rarely available 
to outsiders, since oil companies and producers do not release it. Conse-
quently, simplified models have been developed by various researchers and 
engineers to mitigate this shortcoming. This section overviews some simple 
physical models.  

The production of an oilfield tends to pass through a number of stages. 
This can be described by an idealized production curve. A version of this 
curve can be seen in Figure 5.3. After the discovery well, an appraisal well is 
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drilled to determine the development potential of the reservoir. Further de-
velopment follows and the first oil production marks the beginning of the 
build-up phase. Later the field enters a plateau phase, where the full installed 
extraction capacity is used, before finally arriving at the onset of decline, 
which ends in abandonment once the economical limit is reached.  

For many fields, especially smaller ones, the plateau phase can be very 
short and resemble more a sharp peak, while large fields can remain at the 
plateau production level for several decades. The life time of a field and the 
shape of the production curve are often related to the kind of hydrocarbon 
that is produced. For example, condensate flows very easily and can be ex-
tracted almost all at once, which results in high decline rates (I). NGL is a 
by-product of natural gas, hence follows the gas production curve intimately 
(I). Comprehensive studies of the life times and time scale of various stages 
for oilfields in Norway and the giant fields of the world have been performed 
in papers I and II.   
 

 
Figure 5.3. A theoretical production curve, describing the various stages of maturity. 
Source: Paper II 

Depletion is a key factor for the fluid flows within the reservoir and its 
connection to flow fundamentals makes it an important parameter for under-
standing oil production. To conceptually understand how depletion affects 
fluid flows, a simplified example can be considered. In gas fields, the ideal 
gas law and related special cases are often useful and pedagogic tools. One 
should also remember that behaviour of real gases deviates from ideal gases, 
notably at high pressures and temperatures. However, this can be handled 
with gas deviation factors (Satter et al., 2008).  

Boyles Law, first formulated by Robert Boyle (1662), describes the in-
verse proportionality of the absolute pressure and volume of a gas, if the 
temperature is kept constant within an isolated system (Equation 5.2). This is 
often applicable in gas reservoirs, since they are reasonable isolated and in 
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thermal equilibrium with the surrounding bedrock, resulting in constant tem-
perature.  
 
 Pressure * Volume  Constant (5.2) 
 

The law can also be rewritten into a relationship between pressures and 
specific volumes (volume occupied by a unit of mass) before and after a 
certain isothermal change:  
 

   (5.3) 

 
Where ,  = pressure of gas at state 1 respectively 2, and ,  = spe-

cific volume of gas at state 1 respectively 2. Gas extraction removes mass 
without changing the volume of the reservoir, i.e.   . This makes the 
gas particle become further apart and exert less force per unit area of the 
container, i.e. a lowering of the pressure to maintain the balance. From Dar-
cy’s law (Equation 5.1) it follows that decreasing pressure leads to decreased 
flow rates, if all other things are equal. Consequently, extraction of gas from 
a reservoir will result in declining production with time, in other words a 
depletion-driven decline. 

For oil extraction the situation is similar. In the primary recovery stage, 
oil is allowed to flow out of the wells under its own pressure with nothing re-
injected into the reservoir. The situation is analogous to the emptying of a 
pressure bottle by opening a valve. Under such circumstances the downhole 
pressure (the fluid pressure at the entry to a well pipe) drops as oil is pro-
duced (Abrams and Wiener, 2010). This steady decrease in pressure will 
limit production rate according to Darcy’s law (Equation 5.1) since flows are 
dependent on the pressure gradient between the downhole and the surface. 
Consequently, depletion of the recoverable oil will unconditionally lead to a 
depletion-driven decline in production rates under primary recovery.  

In oilfields of significant size, secondary recovery tends to overshadow 
the primary recovery stage (Amit, 1986; Hyne, 2001). Water or other fluids 
are injected to maintain the reservoir pressure, giving a fairly constant 
downhole pressure. In fields where production strategy is to maintain reser-
voir pressure, for instance by water or gas injection, the extracted volumes of 
oil and water will remain relatively constant through the life of the field, in 
agreement with the material balance equation (Satter et al., 2008). This re-
covery strategy is preferable since it recovers a greater fraction of the OIIP 
and provides more control over the production rate.  

Abrams and Weiner (2010) developed a simple physical model to explain 
the depletion-driven decline in secondary recovery stages of oil production. 
It assumes that the oil reservoir is a sealed container filled with incompressi-



 68 

ble oil and other fluids at a downhole pressure, , much greater than the 
atmospheric pressure, . For simplicity, it may be assumed that a single 
pipe with the cross-sectional area  and a small volume compared to the 
volume of oil extends into the reservoir and equals the total area and volume 
of all active production wells in a more realistic case. In addition,  is 
assumed to be a continuous function of time, downhole fluids are well mixed 
and the downhole pressure and volume remain constant due to reinjection. 
Conservation of mass would require the oil production to satisfy: 

 
 

 u t A t x t  (5.4) 

 
Where  = total volume of oil exiting the well between 0 
and ,  = velocity of the fluid leaving the wellhead at   ,  = oil fraction of the output at   . 

The wellhead pressure (fluid pressure at the exit to a well pipe) can be ex-
pressed as: 

 
  (5.5) 

  
Where ρ = density of the fluid, g = gravitational acceleration (~9.81 m/s2),  

h = height of the column of fluid in the pipe,  = pressure drop due to 
laminar or turbulent steady-state flow. 

Assuming incompressible oil at the wellhead, the principle formulated by 
Bernoulli (1738) now allows the velocity of the fluid exiting the pipe to be 
expressed as: 

 

 
2 2

 (5.6) 

 
The wellhead pressure determines the exit velocity. Constant downhole 

pressure from fluid reinjection implies that:  
 

 1  (5.7) 

 
Where  = initial oil fraction,  = total volume of recoverable oil. 

Inserting the expressions for  and  into Equation 5.4 now gives a 
functional model for production during secondary recovery 
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  2 1  (5.8) 

 
The model has three input parameters (initial oil fraction, wellhead pres-

sure, and total volume of recoverable oil) and those are commonly available 
or can be estimated from publicly accessible data for oilfields.  

This model also shows that oil production will ultimately fall and water 
production increase as more and more injected water begins to diffuse into 
the production wells. As the reservoir depletes, the well will eventually pro-
duce too much water to be economically viable, despite the fact that reser-
voir pressure might still be high. The ratio of water compared to the volume 
of total liquids produced is referred to as water cut. In mature fields the wa-
ter cut can reach very high levels, over 80-90% (VII).  

In real cases, the cross-section area of active wells varies with time as 
new wells are added or old ones shut down. The number of active wells is a 
key determinant for production. Likewise, the time-varying area  must 
be specified in the model to be able to solve Equation 5.8. The number of 
active wells (and the cross-section area) increases and typically reaches a 
plateau as an oilfield matures. However, the economics of diminishing re-
turns dictates that the number of active wells must eventually decrease to 
zero as production tails off and wells with low production are shut down.  

Abrams and Wiener (2010) explored different drilling strategies and how 
it influences production. It was found that the production peak occurs when 
around 50% of the recoverable oil had been extracted. This is in reasonable 
agreement with empirical studies on the world giant oilfields that found that 
the production peak typically occurs when around 40% of the recoverable 
reserve had been produced (II).  

To summarize, depletion-driven decline occurs when the recoverable re-
sources become exhausted and the production flow is reduced due to the 
physical limitations of the reservoir. Depletion-driven decline is different 
from other forms of decline and much harder to compensate for, since it can 
only be alleviated by expanding the recoverable reserves of the reservoir, 
which will ultimately be limited by the physical extent of the formation, 
permeability or other geological parameters.  

5.1.3 Depletion rate analysis 
From the physical laws that govern oil production it stands clear that deple-
tion is a major factor that affects production flows. In fact, production rates 
are tightly connected to depletion rates as production is just a way of deplet-
ing the recoverable volumes in a finite resource.  

Depletion rates are also a more robust indicator of exhaustion than sim-
plistic studies of the production decline rates, as the latter may be driven by 
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non-physical factors such as economics or politics (Höök, 2009). Can deple-
tion rates be studied to determine when the peak will occur? The concept is 
relatively simple and implies that at certain depletion rates, the depletion-
driven decline caused by the extraction of the recoverable oil will begin to 
dominate over other production methods and force an entire fields output 
into decline.  

This idea was explored in Paper II and it was shown that only a relatively 
narrow span of depletion rates are reasonable for oilfields. Paper II also 
formed an empirical foundation for further depletion rate studies. The deple-
tion rate-at-peak (DAP) concept was derived from this study and later turned 
into a valuable forecasting tool, such as in paper VI and VII.  

Paper IV analyzes depletion rate modelling in more detail and forms a 
methodological basis both on field and aggregated level. Papers V, VI and 
VII apply depletion rates in various cases, mostly to estimate the end of pla-
teau production and the point at which depletion-driven decline begins.  

Paper IX made an empirical study on depletion rates in coal production, 
inspired by paper II. It was found that similar patterns with certain maximum 
depletion rates also seemed to be present for coal production. However, this 
idea is going to be further developed in future works.   

5.1.4 Decline curves 
Once the onset of depletion-driven decline has been reached, there are a 
number of tools available for describing or predicting the decreasing produc-
tion. Production flows must obey certain conditions and relations. However, 
a complete treatment of the full set of reservoir flow relations is very com-
plex and requires much data. As a consequence, many researchers have de-
veloped simplified models to describe or predict how production changes 
over time.   

Arps (1945) created the foundation of decline curve analysis by proposing 
simple mathematical curves, i.e. exponential, harmonic or hyperbolic, as 
tools for creating reasonable production outlooks for oil wells once they had 
reached the onset of decline. His original approach has been further devel-
oped by others and is still used as a benchmark in industry for analysis and 
interpretation of production data due to its straightforwardness (II, III).  

It should also be noted that there is a strong connection between the 
physical models for reservoir flows and empirical simplifications based on 
decline curves. The exponential curve, introduced by Arps (1945), is actually 
the analytical long-term solution to flow equation of a well with constant 
pressure (Hurst, 1934; van Everdingen and Hurst, 1949). The biggest advan-
tage of decline curve analysis is that it is virtually independent of the size 
and shape of the reservoir or the actual drive-mechanism (Doublet, 1994), 
thus avoiding the need for detailed reservoir or production data. The only 
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data requirement for decline curve analysis and extrapolation is production 
data, which is relatively easy to obtain for a large number of fields.   

 Decline curves of various forms can be used to create reasonable out-
looks for fluid production of a single well or an entire field. It should be 
emphasized that in many field cases a single curve is not sufficient to obtain 
a good fit and it may be necessary to use a combination of curves to obtain 
good agreement (Haavardsson and Huseby, 2007). However, the importance 
of individual fields diminishes as the total number of studied fields becomes 
large and generalized field behaviour can be identified (I, II, III). In such 
cases, a simple decline curve can successfully be used to forecast total pro-
duction from a large set of fields, as under- and overestimations for individ-
ual fields tend to cancel each other out. Consequently, decline curves can be 
a convenient tool for projecting reasonable production behaviour into the 
future. This has been done in paper I, III, V and VII.  

Decline curves of Arps type are simple and focused on obtaining expres-
sions with mathematical tractability that could be utilized in a straightfor-
ward manner (V). A closer description of decline curves and their mathe-
matical expressions can be found in Höök (2009) or paper V. Paper II, III 
and especially V are recommended for a closer discussion of decline curves.  

5.2 Indirect depletion mechanisms 
Aggregated petroleum production, such as the output of a country or even 
the world behaves differently and can seldom be solely analyzed through 
direct depletion mechanisms. Fundamentally, oil peaking is driven by three 
factors: the distribution of field size (skewed, so that a small number of very 
large fields account for the bulk of production); the geophysical performance 
of oil reservoirs (such as exponential pressure loss over time and other phys-
ical behaviours); and the timing of large and small discoveries (large re-
serves tend to be found first) (Meng and Bentley, 2008; UKERC, 2009). 
This give rise to a more complicated picture, where the direct physical laws 
governing single reservoirs also interacts with non-physical parameters.  

Lack of infrastructure or capital can easily delay the development of cer-
tain fields within a collective, thereby allowing them to come into produc-
tion at a point where the first fields have already reached the onset of decline 
and compensate for their declining production. However, Robelius (2007) 
pointed out that the regional peak tends to coincide with the peaking of the 
giant oilfields, which is logical due to their dominating role. Empirical ex-
amples of interplay between individual fields and total Norwegian produc-
tion can be seen in paper VI. An exemplary picture with a region consisting 
of six oilfields can be seen in Figure 5.4.   

Coal and minerals are quite different from oil in its geological existence. 
Instead of being fluids obeying flow relations, they are solid substances ex-
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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 a 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 n doubling periods the 
production rate will be increased by 2n. 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 0 and again 
at  ∞. 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   , then:      

   

 , (5.9) 

 
Where  is the area between the curve    and the x-axis from the 

origin out to the distance x1. If the production curve is plotted against time, 
the following will also hold: 

 

 , (5.10) 

 
Where  is the quantity of the resource produced at time . From 

Equation 5.9, the area under the curve up to any time t is then given by: 
 



 74 

  (5.11) 

 
where Q is the cumulative production up to the time t. The ultimate pro-

duction will now be given by: 
 

 , (5.12) 

 
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: 
 

 1  (5.13) 
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Where URR is the ultimately recoverable resources of any finite energy 
resource,  denotes the cumulative production, and /  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:      
 

 1 00 exp  (5.14) 

 
This can be simplified to a more functional expression:  
 

 1 exp  (5.15) 

 
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): 

 

  1  (5.16) 
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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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1 a exp  

(5.17) 

If  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    as t→∞ 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,  may 
denote the global energy production from of arbitrary energy source at time 
t, and  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.  

 

 
exp exp  

(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: 

 

 
1√2 .  (5.19) 

 
where N = normal density function, x = sample value, µ = mean and me-

dian of the distribution, and σ = 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 
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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√2 .  (5.20) 

 
Where L = lognormal density function, x = sample value, µ = mean and 

median of the natural logarithm of the population, σ = 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, III) 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 
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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 0 and  ∞ 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'  ‐ CR C'   

(5.21) 

 
Where R’ = resource flow, C’ = capital flow, R = resource stock, C = 

capital stock,  = constant describing extraction efficiency,  = constant 
describing how efficiently resources are transformed to capital,  = 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 
(VIII). 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.  

Söderbergh (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 (III) 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 I-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 
(VIII, 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 (Höök 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 20th 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 (Czúcz 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 CO2 from fossil 
fuel use, while the remainder derives from mostly deforestation and agricul-
ture (Höök 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 IPCC 
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 CO2 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; 
Höök 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.  

Czúcz 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 står tillsam-
mans för nära två tredjedelar av all energi som samhället använder. Dessa 
fossila bränslen är även oersättliga för transporter, elförsörjning och mycket 
annat. Detta återspeglas inte minst genom deras framträdande roll i den in-
dustriella revolutionen och uppbyggandet av det moderna samhället.  

Dessvärre är både kol och olja ändliga resurser som bildas under långa 
geologiska tidsrymder. Detta sätter naturliga gränser för de produktionsprofi-
ler som utvinningen av olja och kol kommer att följa, eftersom det är omöj-
ligt att utvinna mer än vad som är geologiskt tillgängligt. Att studera den 
utvinningsbara resursmängden samt hur den förändrats genom tiden är därför 
fundamentalt för att förstå hur framtida produktion kan utvecklas.  

 Utarmning (eng. depletion) är en central fråga för framtida produktion. 
Detta har medfört att flertalet högkvalitativa och lättexploaterade formatio-
ner har tömts medan mer svårutvunna reserver återstår för framtiden. Mins-
kad fyndtakt av gigantfält så väl som minskat energiinnehåll i det producera-
de kolet är indikationer på utarmningen av världens kol- och oljetillgångar.  

Minskad produktionstakt hos oljefält kan knytas till tömningstakten av de 
utvinningsbara resurserna och därigenom även till de fysikaliska lagarna som 
styr flöden i oljefältet. Denna avhandling förklarar samt visar att det finns 
signifikanta skäl att vänta sig utmaningar för framtidens energiförsörjning.  

Runt 60 % av världens totala råoljeproduktion kommer från runt 330 gi-
gantiska oljefält och flertalet av dessa har redan passerat sina toppnivåer för 
att numera uppvisa en avtagande produktion. Liknande mönster kan ses i 
flera enskilda länder så som Norge, Danmark och Kina. Minskningstakten i 
befintlig oljeproduktion är runt 6 % årligen och det har visats att detta sanno-
likt inte kan kompenseras av nya oljefält, okonventionellt petroleum eller 
dylikt. Med andra ord är krönet av oljeåldern här.   

Liknande mönster kan även observeras för kolproduktion, även om det är 
svårare att knyta allting direkt till naturlagar. Däremot visar indirekta för-
klaringsmodeller också hur produktionen når en maximal nivå och sedan 
avtar. Detta stöds även av en lång rad empiriska exempel. Rörande kol 
kommer drygt 90 % av världens produktion från endast 6 länder. Osäkerhet 
rörande storleken på de utvinningsbara resurserna gör det svårare att placera 
tidpunkten för den maximala kolproduktionen, men den inträffar uppskatt-
ningsvis inom ett par årtionden. 
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Det moderna samhället är byggt kring tillgången på främst billig och 
lättillgänglig fossil energi. Studierna bakom denna avhandling har visat att 
detta inte är ett rimligt scenario i längre tidsperspektiv och att business-as-
usual är orealistiskt och ohållbart. Analyser indikerar att de globala produk-
tionstopparna för både kol och olja kan förväntas relativt snart. Detta har 
signifikanta konsekvenser för den globala energiförsörjningen och även för 
samhället, ekonomin och miljön. Oljetillgångar är exempelvis avgörande för 
internationella transporter och därigenom hela globaliseringen. Slutsatsen är 
följaktligen att utmaningarna för framtida produktion och deras inverkan på 
samhället inte ska tas lättvindigt.  
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