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Abstract

Oil is the black blood that runs through the vemishe modern global energy systevidhile being the
dominant source of energy, oil has also brought wealth and power to the western world. Future supply for
oil is unsure or even expected to decrease dlmitations imposed byeak oil.

Energyis fundarnental to all parts of society. The enormous growth and development of society in the
last twohundred years has been driven by rapid increase in the extraction of fossil fuels. In the forese
able future, the majority of energy will still come from fossiels. Consequentlygliable methods for
forecasting thie production, especially crude oil, azricial.

Forecasting crude oil production can be done in many different ways) brdedr to provide realistic
outlooks one mustbe mindful ofthe physical dws that affect extraction of hydrocarbons from arrese
voir. Decline curve analysis &long established tool fadevelopingfuture outlooks for oil production
from an individual well or an entire oilfield. Depletion has a fundamental role in the extacof finite
resources ang one of the driving mechanisms for oil flows within a reservoir. Depletion rate also can be
connected to decline curves. Consequently, depletion analysis is a useful tool for analysiscastirig
crude oil productionBasedon comprehensive databases with reserve and production data for hundreds of
oil fields, it has been possible to identify typical behaviourspaogerties.

Using a combination of depletion and decline rate analysis gives a better tool for describimgifutu
production on a fieldy-field level. Reliable and reasonable forecasts are essential for planning@nd ne
essary in order tanderstand likely future world oil production.
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Abbreviations

AAPG

API
BGR

bpd
DAP

CERA
EIA

EUR
Gb
IEA

NGL
NGPL
NPD
olIP
olpP
OO0IP
OPEC

RF
RPR

SPE

URR
USGS

American Association of Petroleum Geologidtgernational association of professional
geologists working in the petroleum or energy minerals fields

American Petroleum Instituté).S. trade organisan for oil and gas industry

Bundesanstalt fir Geowissenschaften und Rohstoffe, the German Federal Institute for
Geosciences and Natural Resources

barrels per day [b/dommon unit for measuring production

DepletionAt Peak the depletionate of remaining reserves that occur when the onset of
decline is reached for a field

Cambridge Energy Research Associates, consulting firm specialized in advising-comp
nies and governments on energy markets, geopolitics, industry trends and strategy
Energy Information Administratignindependent statistical agency within the U.®- D
partment of Energy devoted to providing potiagependent data, forecasts and analysis
Estimated Ultimate Recovergynonym to URR

Gigabarrels, equivalent e billion barrels

International Energy Agencyntergovernmental energy organization founded by the O
ganisation for Economic CGoperation and Development (OEGE)untries

Natural Gas Liquidgliquid side productfrom natural gaprocessig

Natural Gas Plant Liquids, same as NGL

Norwegian Petroleum Directorate

Oil In Place all oil present in an underground structure

Oil Initially In Place synonym to OIP and OOIP

Oil Originally In Place synonym taOIP andOIIP

Organization of Petroleum Exporting Countries intergovernmental organisation of the
w o r |darsnéting oil exporting countries

Recovery Factorthe recoverable percentage of OIP

Reserveto-Production Ratio, quotient of remaining regss and production used te-d
scribe how long the reserves will last with current production rate

Society of Petroleum Engineengrofessional organisation engineers, scientists, managers
and educators in the oil and gas exploration and productiostigdu

Ultimate Recoverable Resourcése upper limit forcumulativeproduction

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

Qil is the black blood thatuns through the veins of the modern global energy system. In some, sénses

can be seen as the black soul of our industrialized/mechanized society and the trademark of a Western
lifestyle. Its combustion brings energy in immense amounts and can dvide array of machines, tools

and processes. Oil can also be broken down and used as a feedstock in a wide range of chemical pro
esses, providing everything from medicines to plastics. It brings wealth and political influence to those
who control it. In esence, oil is a substance of power, in the truest sense of theTweraim of this

thesis is to investigate fundamental properties and behaviour of crude oil productiexaamde some
modelapproachefor creating realistic outlooks for the future.

1.1 Thesis disposition
The text is composed as follows:

Chapter 2: Theoretical background

The naturalistic approach to science and observations of reality is based on the position that the universe
obeys rules and laws of natural origithis chapter desitred the methodology as well as the batas$
fication schemeselevant for crude oil

Chapter 3: Geologicaloverview and reservoir properties

Crude oil is a result of geological processes. Chapter 3 aims to give a brief overview of petroleasm form
tion theory as well as the development of modern petroleum gedlilggind gas reservoirs are the basic
units in any production unit. Reservoirs and their intrinsic properties are very important for petroleum
production. This chapter will provide an overviefwdifferent fundamental reservoir concepts as well as
their physics.

Chapter 4: Oil production modelling

Reliable modelling of oil production is essential for forecasting and planning in all fields connected to oil.
This chapter will give an overview ofabic modelling approaches and give sah@oretical background
for the studies done in the papers.

Chapter 5: Summary and @mnclusions

By combining different modelling approaches with physical properties of the reservoir, a more realistic
production outlok can be createdConsequently, this chapter summarizes the modelling part and puts it
in a greater perspective.

13



1.2 Introduction to papers

This thesis is built around three papers on crude oil forecasting and behaviour of owlfietdsmy role
has leen as lead authdrhese are included in this thesis and briefly introduced below.

Paper I: A decline rate study of Norwegian oil production

Norwayhas been one of the two major producers in ¢t}
exporer. The Norwegian Petroleum Directorateakes all relevant data officially available, thus making

Norway an ideal country for testing models or analys$irggoricaltrends.The oil category was broken

down into its subparts and analyzed individually oretdfby-field level. The modelling also included

estimates of undiscovered volumes as well as the inclusion of new field develogmeatsl, a con-

prehensive analysis of all parts affecting future oil production imasstigatedand used to provide a

realistic forecastA short discussion of theorwegian oil fund was also done along with a remark about

the strategic longerm thinking that is needed to wisely handle the wealth from oil production.

Paper II: The evolution of giant oil field production behaviour

Giantoil fields areby far the most important contributor to world oil supphis paper used a conapr
hensive database with more than 300 giant fields in order to determine typical decline rates, depletion
rates and other interesting paramet&€he evolution of those parameters wsiadied to get an impression

of how they changed with introduction of new technology and changes in production strategiedso
provides a reasonable basis for estimatiog future behaviour might unfalérurthermore, the analysis
also uncovered strong correlatiobetween depletion rate and decline raidicating that high extraction
rate of the recoverable volumes will result in rapid declPatential dferences between land and-of
shore productiorand (PEC/norOPEC production weralso investigatedThe production peak ithe

wo r |gidrd ail fields was also found to occur well before half of the ultimate reserves had been pr
duced

Paper lll: Giant oil field decline rates and their influence on worldoil production

This paper can be seen as a sistedy to Paper Il and focused primarily on decline rategiasit oil

fields and how theynfluence the global productio@ver the years, many analysts have tried to estimate

a typical decline in existingil production and this paper performed such a study based on giant oil field
data The results were also compared with other major studies. Studies on mean and aggregate decline
rate of the giant oil field population were also performed.

14



2. Theoretial background

Crude dl, also known as petroleum, is a wide ranging term that includes many substances and forms of
liquids. The wordpetroleumderives from the Greek worg®tra, meaning rock, andleum denoting oil,
which combined literally meanm®ck-oil. This term was first used by the German mineralogist Georgius
Agricola (1546a) in the treatidg@e Natura Fossilium

The ancient Greek wonthphthawas often used to describe any petroleum or pikehsubstance and
in older texts was often used asyaanym for petroleum, but this has now been phased out in English
language. However, some languages, such as Russian or Arabic, still use variants of naphtha as the word
for petroleum.

This work will focus on oil, but much of the geology, physical laws @xtraction techniques can also
be applied to natural gas productibtowever, coal isalso a importantfossil fuel in the global energy
system, but behaves differently due to physical differencgsn Eg somediscussionand methods from
crude oil anbysis may berelevantfor investigationof coal or other energy sources

2.1 Methodology

The naturalistic approach to science and observations of reality is based upon the position tlat the un
verse obeys certain rules and laws of natural origin. It fah@gphilosophical foundation of natural-sc

ence, including all forms of physics. Natural science is also the basis of applied sciences, wherre the scie
tific method and knowledge is used to solve practical problems; sciences such as engineeririg and tec
nology are closely related to the applied sciences. Resource physics and the study of global gnergy sy
tems, such as petroleum, are examples of the application of engineering science and applied physics to
characterize and describe the utilization of resouiaresnergy production in society.

An important part of any form of oil production modelling and hydrocarbon extraction forecasting is to
uncover mathematical models for the physical behaviour of the production processes. The mathematical
principles of tke behaviour are always important and useful. The cause of the behaviour can sometimes be
satisfyingly explained by natural laws, but unfortunately not always. This dilemma is perhapsbest ca
tured by a quotation about the theory of gravity from Isaac Ne(lté26):

fil have not as yet been able to discover the reason for these properties of gravity from phenomena, and | do not
feign hypotheses. For whatever is not deduced from the phenomena must be called a hypothesis; and hypotheses,
whether metaphysicalrghysical, or based on occult qualities, or mechanical, have no place in experimental ph
losophy. In this philosophy particular propositions are inferred from the phenomena, and afterwards rendered ge
eral by inductiord

Resource physics and analysisgidbal energy systems involves pure physics to a high degree, but
there are also elements of economic or political nature that affect the situfitiorately, physics will
dominateand determine the limitationsince neither economical incentives potitical motives are able
to bend or break the natural laws that govern reality.

Much of the work presentedhere,is just statistical or data analysis in order to identify trends mlr ce
tain behaviours in time series of resource datgating and obtaimig good data is essential and gem
times quite challenging. Petroleum related trade journals and statistical yearbooks from varioms oil co
panies hae shown to be an important source of production data.

Much of thegiant oil fielddata was compiled by mygvious colleague Fredrik Robelius in his thesis
(Robelius, 2007). In many waysy work ongiant fieldsmay be seen as a more detdnalysis of his
material.Furthemore,R 0 b e Idatabasds va now been updated and will be developed even rimore
thefuture,as new datand informatiorbecome availableCloser description of the daésd details on the
exactmethodologyused in each studgan be found in papers I, Il and.llI
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2.2 QOill classification

Petroleum can be divided into many subclasses ateyaries, depending on the intrinsic properties of
specific oils. Some oils are heavy or even ekeavy, implying that they have high density and do not
flow easily. Others are sour, which means they contain significant amounts of sulphur. Some oils are
classified asnonconventional (also callednconventiond| denoting that they are not extracted from
subsurface reservoirs like conventional oil, and instead they are derived from tar sand processing, oil
shales or even syntheticallygoiuced from codiquefaction.

Qil can also include condensate, which is gaseous in the reservoir but condensates to liquid-at the su
face, and natural gas liquids (NGL), corresponding to the heavier hydrocarbon types in natural gas. The
Norwegian Petroleum Directorate P®) defines NGL as a mixture of ethane, propane, butane, isobutane
and naphtha (NPD, 2008). NGL is a valuablepbyduct from natural gas processing and is not produced
directly at the field, but rather at centralized gas treatment plnts fact, U.S Department of Energy
and Energy Information AdministratiqilA) even called NGL foNatural Gas Plant Liquid§NGPL).

The termcrude oil sometimes just referred to eside normally excludes unconventional oil, NGL
and extraheavy oil. Although, itsould be noted that many countries or organisations have their own set
of definitions that may differ from one another. For instance, NPD does not include condensate in their
crude oil category, while the Energy Information Administration (EIA) treats érade oil.

Many different classifications can be applied to crude oil, depending on the different physical or
chemical properties. However, the most common way is to describe oil by its density, often better known
as gravity number The American Petrolen Institute (API) defines the gravity number according to
equation2.2.1(Dake, 2004).

141.5
specific gravity

°API = 1315 (2.21)

Specific gravity isoftendefined as ratio of densities for crude oil and water at 15.@ltbughslight
deviations from this may useher reference points, such@€, 20°C or the maximunvolumetricmass
of waterwhich is at 3.8°C. API gravity ranges from-80°, where dense oils have low values and highly
viscous oils have high values. Condensagpically have API gravities over 45° and Canadian tar sands
from the Athabasca can be found in the range-a08 (Peters et al., 2005). Oil with less than 10 °APl is
denser than water anday becalled extreheavy oil or natural bitumen (USGS, 2006pending on
viscosity Heavy oils have gravities of less than 20°API, but more than 10°API (USGS, 2006). Medium
crudes can be found between 20°API and 30°API. Light crudes have more than 30°API (Robelius, 2007).

Generalized approximate relationships betw@P| gravity and gasil ratio, reservoir depth, percen
age sulphur and trace metal content are described by Tissot and Welte (1984). The API gravita-<classific
tion is a simple system and worked well, as long as there was one dominating quality tyk afildn
use. As new oil fields were brought into production and new crude oil blends entered the markat, the si
ple gravity classification scheme was insufficient to fully measure the quality of crude oil. Even so, the
API system is still in use for dain crude oils and products (Speight, 1999).

An improvement in classification can be performed by including the content of various impottant po
lutants, especially sulphur. The sourness of crude oil refers to the sulphur content. The Society of Petr
leum Engineers (SPE) defines sour crude oibiagontaining free sulphur or other sulphur compounds
whose total sulphur content is in excess of 1 pef&RE, 2009). Crude oils with low sulphur content are
commonly called fisweet 0.

It is more complicatedbtrefine heavy and sour crude oils, and consequently, they are worth less on the
market compared to the light and sweet crude oils. Heavy crude needs more processing to yield high
qudity products due to their low ARJravity, high viscosity, high initiaboiling point, high carbon res
due and low hydrogen content (Nygren, 2008). The most valuable oil is the light and sweet crude oil.

16



3. The formation of oil

The genesis of petroleum and how it is created is an important topic. Peters et al. (200&)tpbiet
importance of the underlying oil formation theory for oil exploration. Tsatskin and Balaban (2008) even
claim that the peak oil debate is underpinned by a biogenic paradigm of oil formation. However, Bardi
(2004) concluded that abiotic oil formati is irrelevant to the peak oil debate unless it occurx-at e
tremely rapid rates, much faster than conventional oil creation theory would dictate. The rate of formation
compared to extraction is essential for future production outlooks and as longeatrdlagon process is
significantly faster than the creation process, then fossil fuels must be categorizeereisemable and
subject to depletion, regardless of their biogenic or abiotic origin.

Large oil companies, such as BP and Statoil, organizsiike American Association of Petroleum
Geologists (AAPG) and governmental bodies like Energy Information Administration (EIA) or German
Federal Institute of Geosciences and Natural Resources (BGR) and similar establishments all agree on the
nonrrenewale properties of fossil fuels. Consequently, it is commonly accepted that fossil fuels are f
nite. In agreement with Bardi (2004), one should conclude that the question of a biogenic or abiotic origin
of oil and other hydrocarbons is irrelevant to the peibkiebate, unless the theory states that hydroca
bons can be created fast enough to replenish reservoirs and formations as they are depleted.

A comprehensive overview of the development of petroleum geology and hydrocarbon gersesis is e
sential for a deper understanding of oil and the future challenges awaiting a hydrocarbon dependent s
ciety. Although, the origin of oil has little importance for the challenge of peak oil, it is still relevant for
understanding future possibilities and the prospectsyfdrocarbon exploration.

3.1 Development of oil formation theories

Petroleum and other hydrocarbons have been known to mankind since the dawn of civilization. Often it
was treated as a curiosity without any serious use to society, although signifiizetian was unde

taken in some parts of the world prior to industrialization. dteenal firesof Kirkuk, consisting of bur-

ing oil seepages, and the use of oil and natural bitumen in ancient Middle East has been studied by Be
doun (1997). The Roman Hine has been known to use coal for household heating in Britannia (Dearne
and Branigan, 1995). The dreadetkek fire an early incendiary weapon used by the Byzantine Empire,

is believed to have been partly based on petroleum or naphtha (Partingtoralgnto8B). In many

places all over the world, where oil seepages occurred, local inhabitants drilled or dug surface wells and
shafts to increase flow rate for collection purposes (Hunt, 1979), marking the early pioneering spirit of
petroleum utilization.

The ancient Greeks were familiar with the existence of petroleum and some of their famous natural
philosophers made attempts to discuss its origin. Based on an elemental theory, Aristotle thought that
ores, minerals and hydrocarbons were the result oélattbns from deep within the earth (Walters,
2006). His followers suggested that the foul smell that was typical for many forms of petroleum indicated
that it was related to sulphur in some way. Overall, few remarks to petroleum can be found in classical
literature. Roger Bacon (1258) made remarks about the inability of Aristotle and other Greek natural ph
losophers to adequately explain the origin of petroleum in his trépise Tertium

It was not until the Renaissance that the first real theoriagt &be origin of hydrocarbons were-d
vel oped. Georgius Agricola (15460Db) expanded on
ground and proposed that bitumen is a condensate of sulphur in his mariDsdiptura eorum, quae
Effluunt ex TerraAndreas Libavius proposed that bitumen was formed from resins of ancient trees in his
text Alchemiafrom 1597 (Walters, 2006). This may be seen as the first stages of the abiotic amd the bi
genic theories about the origin of oil.
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The Russian universal gesil.omonosov proposed and demonstrated the idea that petroleum and
natural bitumen originates from transformation of coal and plant remnants due to subsurface heat and
pressure in his boo®n the Strata of the Earthlom 1763 (Peters et al., 2005). Alreaaly 18" century,
fossil evidence had indicated that coal @edt was related artdat bothoriginatefrom preserved veget
tion remains. Todayt is commonly accepted that coal has a biogenic origin and the modern coal geology
can be read in Thomas (2002)

However, the origin of petroleum was still an unsettled discussion that continued to eccupye nt i st s
thoughts. More detailed hypotheses and different versions of the biogenic origin of petroleumewere cr
ated during the century and claimed thatl @riginated directly from organic remains or was created
in a distillation process (Dott, 1969). Hunt (1863), Lesqueraux (1866) and Newberry (1873) studied P
laeozoic rocks in North America and found that they originated from ancient marine sediments.

Meanwhile, the first seeds of the modern abiotic oil formation theory were planted in Europe. A
French chemist, Berthelot, described how hydrocarbon compounds could be created from theoacid diss
lution of steel (Walters, 2006). In Russia, the famous ssiehtendeleev (1877; 1902) proposed that
petroleum was created in the depths of the Earth from chemical reactions between water and iron carbides
in the hot upper mantle. This theory was largely ignored and its supporters dwindled under the mounting
evidene of biogenic petroleum creation at this time.

The beginning of the J0century marks the development of modern petroleum geology. Eary Eur
pean studies of organitch rocks supported the biogenic origin of oil (Pompeckj, 1901; Schubert, 1915).
Similar studies by the US Geological Survey (USGS) showed that Californian oil originated from o
ganicrich shales (Arnold and Anderson, 1907; Clarke, 1916). Engler (1913) showed a connection b
tween thermal properties in the ground and petroleum, when he mateagsztiuce hydrocarbons by
heating organic matter. White (1915) introduced the carbba theory, which implies that petroleum
occurrence is limited by the thermal history of a region. Snider (1934) implied that organic matter seemed
to be almost univeally buried in argillaceous mud and to a lesser extent in calcareous muds and marls,
while coarse sands, gravels and very pure calcareous deposits generally lacked organic content.

The birth of more advanced chemical analysis led to many new discoardeshed new light on the
origin of petroleum. Treibs (1934; 1936) established a link between chlorophyll in living organisms and
porphyrin pigments, a class of nitrogen compounds that originates from mainly chlorophyllspin petr
leum, shale and coal. Oakad et al. (1952) showed that oils retain fractions that are optically active, just
like biological matter, and this was later confirmed by Whitehead (1971). Eglinton and Calvin (1967)
showed that oil contains many chemical fossils and biomarkers, besigds/rins, that could be traced
to biological predecessors. Tissot and Welte (1978) expanded the analysis with geochemicallfossils, a
lowing further comparison of structurally similar organic compounds in sediments and oil with &eir pr
cursors in livingorganisms. A more comprehensive overview of the development of petroleum chemistry
can be found in Hunt et al. (2002).

Introduction of mass spectroscopy allowed new types of analyses. Stable carbon isotope compositions
in oil were found to be in line withiogenic origin (Craig, 1953). Silverman and Epstein (1958) applied
carbon isotope studies to both petroleum and sedimentary organic materials, further enhancirmy their bi
genic origin. Fuex (1977) summarizes the application of stable isotope analystiiaym exploration.

Geological field studies provided important knowledge and valuable information relevant to petroleum
genesis. Hydrocarbons were found to be abundant in ancient marine shales and limestones, whilst they
were uniformly absent in recemtuds from a variety of environment (Erdman et al., 1958). Forsman and
Hunt (1958) studied rock samples from a wide variety of ages, lithologies, environments and depositions,
arriving at the conclusion that the absolute concentration of hydrocarbonge®dsr gn ancient rocks
than in younger sediments. The findings showed the important role of kerogen in petroleum generation
(Abelson, 1963; Durand, 1980). Philippi (1965) discovered that hydrocarbon yield from source rocks
increases with time and tempenad. From these studies came the understanding of the geologic zone of
intense oil generation, now more known asdt&indow(Hunt et al, 2002).

Winters and Williams (1969) and Jobson et al. (1972) showed how microorganisms could aiter petr
leum and case biodegradation, resulting in heavy oil. Demaison (1977) points of the importance of this
process and relates it to the discovered quantities of heavy oil prior to 1980.

Starting in 1950s, Kudryavtsev (1951) and other subsequent Soviet publicabposgul a modaer
ised version of Mendel eevds theory, relying on t
only allows spontaneous formation of methane at high temperature and pressure, comparable to those of
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the upper mantle region. This thedras been criticized for ignoring the fact that all life is in therynod
namic disequilibrium with its environment (Walters, 2006).

Astronomers have been frequent proposers of abiotic petroleum theory in recent times. Carbonaceous
chondrites and other platary bodies, including asteroids, comets, and moons, have been shown to co
tain hydrocarbons and other organic compounds while no biological life is present (Cronin et al. 1988).
Hoyle (1955) theorized that since the Earth was formed from similar majetigke should be vast
amounts of abiotic oil residing somewhere. The most-lwehwn promotion of recent abiotic theory is
the works of Thomas Gold (1985; 1999).

In 1980s,Gold managed to convince the Swedish government to test the abiotic theomljrigy s
tra deep boreholes near in the granite formations of an old impact crater, the Siljan Ring, in northern
Sweden. The drillings became a huge disappointment and failed to locate any recoverable amounts of
abiotic hydrocarbons. Evidence of even traogounts of abiotic hydrocarbons has been deemedoeontr
versial (Kerr, 1990). In fact, no commercial quantities of abiotic oil have been found to date (Walters,
2006). Nor has any oil ever been reported along major faults in continental shield areasedinere s
tary rocks are not present (Peters et al., 2005). Golds works have also been strongly criticized by
Laherrere (2004) and Glasby (2006).

In reality, the truth of the boreholspeaks louder than any theory, since it provides actual production
flows. Needless to say, the drilling done in line with the biogenic theory of oil formation has resulted in a
vast amount of oil that has been of benefit to mankind since the beginning of the oil era. The Siljan Ring
drillings, the most serious attempt to test &hdotic oil formation theory, failed to locate any abiotic olil,
as the oily black paste that was found was shown to be derived from the mud, lubricants and @rganic a
ditatives of the drilling process (Jeffrey and Kaplan, 1989; Castano, 1993).

To summarize modern petroleum geology does not deny the existence of commercial amounts of
abiotic oil. Studies have even managed to discover or produce some abiotic oil in numerous cases (for
example Sherwood et al., 1993; McCollom and Seewald, 2001; Potter 20Gi;, McCollom, 2003).
However, globally significant amounts of abiotic oil in the crust can be ruled out (Sherwood et al., 2002).
The abiotic theory of oil creation can be summarized as a questaivotic petroleum exists in large
amounts, where is4t

Petroleum geology and exploration is an empirical and pragmatic field, which has largely evolved by
trial and error. Geologists and oil companies have learned where to drill and where not to drill, and thus,
developed a theoretical model that works aodtesponds with reality. That model is consistent with the
biogenic theory of oil creation, which can be read in more detail in AAPG (1994), Hunt (1995) or Selley
(1998). A less comprehensive introduction to the creation of oil, suitable for-geotwgis, can be
found in Robelius (2007).
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3.20il field formation

Oil and gas fields are the basic units in ailyand gagproduction unit. In order tbnd anoil or gas fietl,

a complete petroleum system with all its necessary elements, must first eaviotmeed.The esential
elements are source rock, reservoir rock, seal rock, and overburden rock, eequttedprocessesni
clude trap formation and the generatioigrationaccumulation of petroleum. All essentiakraknts
must beproperlyplaced in ime and space suchat the processes required for formagetroleum e
cumulation can occuilf any of the conditions are unfulfilled, there will not be any petroleum field
(AAPG, 1994). A brief introduction to some of the necessary elements will follow

A suitable source rock, containing 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 sui
able depth and once sufficient thermal energytheen passed on to the organic matter to break chemical
bonds,the petroleunproduced will be expelled and starts its mitigation towards the surface (Walters,
2006). If a source rock is not buried deep enough, the heat will not be enough to cause @ tiaegnic
formation of organic matter into petroleum. Oil shale, consisting of sedimentary rocks with significant
organic content that yields substantial amounts of petroleum and gas upon destructive distillation (Dyni,
2005), can be seen as an ideal sowoc, which never entered the oil window where it could produce
petroleum.

A field consists of one or several subsurface reservoirs, where hydrocarbons are located. Hydrocarbon
reservoirs are not subterranean ponds or pools of ail, just waiting to betextas people often believe.

In reality, hydrocarbons reside in th@croscopicpore space of rocks, which aiay void areas within

the internal structure of the rocks. The situation is somewhat similar to a sponge soaked with water. If no
suitable resevoir rock is present, there is no place that hydrocarbons can gather and form a commercially
extractable accumulation. The basic properties of reservoirs are described in next section.

A tight and impermeable layer, commonly calkshlor cap rock mustbe present in order to trag-h
drocarbons and prevent further mitigation (Selley, 1998). Otherwise, upward movement will continue,
due to buoyancy, until the hydrocarbons reach the surface, whemsithbg broken down and destroyed
by microorganisms. Erapment is an absolute necessity for any commercially exploitable oil ocgas a
cumulation (Robelius, 2007). If the seal is imperfect, small amounts can mitigate to the surface and form
oil seepages (Tiratsoo, 1984). In the early days of petroleum expigrail 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 afypattdps. A trap can bed
s ¢ r i ds any gebmetric arrangement of rock, regardiefssrigin, that permits significant accunaul
tions of oil or gas, or both, in the subsurface accor di ng t o Bi dde and- Wielc
ability materials and rockmake ideal seals, due to high capillary entry pressure. Mudrocks are the most
common seals, while salt and other evaporates are the most effective ones (Selley, 1998). Structural traps,
caused by tectonic processes after the deposition of the rockabedse most common seal among the
worl dés | argest oi l fields (AAPG, 1970) . Stratic
combination traps, consisting of both structural and stratigraphic traps, are the other two main types of
petroleum taps.
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3.3Reservoir fundamentals

The termporosityrefers 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 seenn figure 3.1 Greater burial depth generally leads to a compaction of the sediments, which results
in a decreased porosity (Selley, 1998).
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a) High porosity

b) Low porosity

Figure3.1: Simplified examples of materials with high and low porosity. Rocks with high porosity, suchdas san
stones, make ideal reservo@s the pores both can store a large amount of oil as well as allow fluid @owgpact
granite and other low porosity rocks are unsuitable reservoirs.

Any type of rock can be a reservoir as long as the pore space isanggheo stordluids and co-
nected well enough to effectively allolews. However, sedimentary rocks such as sandstones and ca
bonates are the most frequently occurring reservoir types and sedimentary reservoirs dominates the
worlds known oil fields (Tiatsoo, 1984). Porosities of more than 15% are deemed good or even excellent

for oil reservoirs (Hyne, 2001).

Oil, gas and water saturation levels are important factors and refer to the percentage of the pore vo
ume that is occupied by air gas. An oil aturation 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 valogetdéteed 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 normalstineces
(Selley, 1998). Qil is less dense than water and the difference in density will cause a buoyancy force,
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upwards

in the water.

The

princi

treatiseOn Floating BodiesThe sitation is also similar to that of a hot air balloon. As long as the oll

droplet is smaller than the narrowest part of the rock pore, commonly called the pore throat, it-will co

tinue to move upwards (Selley, 1998).
Throughout development of the reserviiie pore content might be change due to production or other

parameters affecting the reservoir. Usually water is replacing the extracted oil as shown in figure 3.2. It

should also be noted that rock properties seldom are known in all locations of theireBerosity and

other properties are estimated between wells by geostatistical modelling and naturally result in-some u

certainties.
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Figure3.2 Microscopic picture of a typical reservoir rock. The fluid distribution is showne in a) the initial $tag
after discovery and b) after depletion due to oil production. Qil is being replaced by water in the pore space during
th reservoir life cycle. Adapted from Satter et al. @00

Pores have two purposes in a reservoir. The first role is as a sspaoefor oil and other hydraea
bons, the second role is as a transmission network for fluid fldassequently,tiis necessary that the
pores are connected in order to allow movement of the hydrocarbons within the re3éiigoivas first
investigatedoy French engineer Henry Darcy in 1850s, who studies fluid flows through a bed of packed
sand. He derived a phenomenological expression to describe the behaviour and this is today known as
Dar cy 0 suatior38.1)DEagq cyo6s | aw i s é&realtogowns utcd i Pau rl iaewr @
di ffusion. Alternatively, D a fSmked exjuatiomsiNeuwmam 1967 der
The ability of a rock to permit fluid movement is called permeabilisually denoted.

_kAor
1= 5L (3.3.1)
where

g = volumetric flow rate

k = permeability

A = crosssectional area

K = fluid viscosity and

OP/ OL = drppowerste lemgth of the flow path

Permeability can differ in different directions, anchgelly horizontal permeability is greater than
vertical (Selley, 1998Pumice stone, weknown for floating on water, can have porosities of up to 90%
but lacks any permeability at all due to highly isolated pores (Dandekar, 2006). Consequentlysit make
pumice a bad reservoir rock. The reverse can also be true, g®itosity rocks such as microfractured
carbonate can allow unimpeded flows in the fractu@®d reservoirs are dependent on both porosity
and permeability. In general, reservoir rocksradi demonstrate angolid theoretical relationshipds
tween these propertiegsaking practical relationships and empirical surveys important

Fractures, cracks and rifts can transmit fluids well, thus partially bypassing permeability problems
caused by theore structure, anthis have been known to have a major influence on reservoir flows in
certain reservoirsThis is also a property that can be affected with suitable techndtoggxample, fre-
turing techniques are used to enhance production in manisichalk reervoirs with low permeability
A more complete overview of reservoir rocks and their fluid properties can be found in Dandekar (2006).
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3.4Reserves in oil fields

All oil and gas fields represent a limited geological structure, and congbgubey have an upper limit
of how much hydrocarbons they contain. The size of the trap and reservoir, which can be defimed by ge
logical and geophysical methods, gives an estimate of the potential volume of oil in the field, before the
drilling has begn. As borehole data and production data becomes available, the reserve estimate will
tend towards increasing accuracy (Dake, 2004).

The total volume of oil in a field is commonly referred to as eithilemitially in place (OIIP) or oll
originally in place (OOIP) or sometimes jusil 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
straightforwardo calculate OIIP if the areal extent anitkmess of the reservoir is known together with
the average porosity and saturation levels (Robelius, 2007). In practice, OIlIP estimates gets mbre compl
cated since both porosity and saturation varies throughout the reservoir.

Conventional oil fields onlgapture a tiny amount of all the oil that is generated from the soocks
in a petroleum system and it should be remembered that there are other typbsafiog formations as
well. For instance, the EIm Coulee fieldd the Bakken formatian Northern USAcan be described as a
Afcontitypeos reservoir, which means that the hydr
ervoir with limited areal extentg|A, 2006) Oil in place for unconventional formations can varyreno
mously depending oroaditionsor assumptions made in the estimation pracess

Far from alltheoil in place can be recovered frargivenreservoir. The recoverable amount of the oil
in place is classified as theserve(Equation3.4.1). Therecovery factoRF) is a dynamiwalue, repe-
senting the estimated percentage of the total oil in place volume that can be recovered. RF depends on
numerous parameters, such as rock and fluid properties, reservoir drive mechanism and production tec
nology, variations in the formation atite development process (Robelius, 206Ysome modern rese
voir simulators it is not necessary to use OIIP or RF at all in order to estimate reserves.

Reserve = Recovery Factor = Oil in Place (34.0

The recoverable percentage of the OIIP can vary fess tharl0% to more than 80% depending on
individual reservoir properties and recovery methods, but the global averagdaw 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 cannat fustified 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.

Initially, oil is recovered through the energy that is odagrinaturally in the reservoir (buoyancig-e
ergy, pressure energy, etc.), for instance via gas drive or water drive mechanisms. This can be called the
primary recovery method and usually-30% of the oil in place can be recovered this way (Kjarstad and
Jomsson, 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 maintain pressure, thus feeding
additional energy tohe reservoir. About 360% of the oil in place can be recovered by use of primary
and secondary recovery methods (IHS, 2007, Kjarstad and Johnsson, 2009). Today, almost 100% of all
oil fields suitable for secondary recovery methods are using it (IHS;)200other 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, microbes, nitrogen oonadpxide, capable of influencing
rock and fluid properties. Only a small fracti
which may be due to high costs and requirements of advanced technology.

In the end, recovered volume cannot be lathjan the oil in place. Also, recovery will be limited by
the natural laws governing reservoir flows. For example, il naturally cease when reservoir pre
sure nears a pressure balance with the surface. Saturation levels, porosity and other padiraéters
eventually resist further manipulation. This is strikingly paraphrased in a line from Star Trek clivef eng

neer Scotty (2266):
i candét changeodthe | aws of physics!
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3.5Ultimate recovery and reserve classifications

To avoid issues with resergeowth and dynamic reserve figures in calculations, it is often convenient to

use some form of estimateltimate recovenpf hydrocarbons from the fiel@he increase of recoverable
volumes that reserve growth it brings can still occur in practice, amddsbe properly handled. Tiyp

cally, real reserve growth can be covered by increasing the URR estimate as new data becomes available.
In summaryit is easier to do calculations with static reserve values, insteashafmic ones.

This is often callediltimate recoverable resourc§gRR), estimated ultimate recove(iEUR), orul-
timate reservesThis figure represents to total recovery from a field, which is past productioneplus r
serves, where reserves is definedteaiby depending on confidence inter¢dK BERR, 2008).

As always, there are many reserve classification systems in use in the world. Some countries use their
own systems, such asthe Rusgiaea t r ol e um cAlBrGoschdénie.dOad classification systems
can often be roughly translatéal another, making it less complicated to obtain internationally campar
ble 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 internationalllysbstdb

1P is the short form for proved reserves and may be definedsasves which on the availablei-ev
dence are virtually certain to be technically and commercially producible, i.e. have a better than 90%
chance of being produc€ddK BERR, 2008). As @ alternativebut not fully equivalennotation, one can
sometimes see P90 which would refer to a reserve with 90% probability of being recovered. Siazilar not
tion may also be used to form reserves with an arbitrary probability of exilstimgever, othecountries
or organizations may us#fferent probabilitiesor the vaguearbitraryp hr ase fAr eas donabl e
defining 1P eserves.

Probable reserves areserves which are not yet proven, but which are estimated to have a better than
50% chance obeing technically and commercially producilflék BERR, 2008). Proved plus probable
reserves are usually call@P, but sometime®+P. In order to minimize the dynamic aspects of URR,
Robelius (2007) used 2P reserve figures. The importahcsing 2P resrves has also been stated by
Bentley et al. (2007).

Possible reserves areserves which at present cannot be regarded as probable, but which iare est
mated to have a significant but less than 50% chance of being technically and commercially producible
(UK BERR, 2008). Combining proved reserves, probable reserves and possible reserv@p.yields

Bentley et al. (2007haveresponéd to Watkins (2006), showing that his conclusionsrevlawed
since he only used 1P reserves. Watkins (2006) came to the siondloat oil was more plentiful now
than 30 years ago, but if he had been using 2P data instead, a very different picture with an imminent
resourcdimited production peak would have emerged. Bentley et al. (2007) is highly recommended as a
more comprehesive study of reserve definitions and their influence on forecasts.

Reserve classification systems are generally a labyrinth of delicate definitions and probabgity mea
ures. Failure to understand the complexity, misinterpretations or political matesgasily lead to a
false picture of what can actually be recovered. Campbell (2008) takes USGS assessment of petroleum
reserves in the udrilled East Greenland as an example of how a probabilistic approach may be used in a
guestionable way. According @ampbell (2008), USGS states that there is a 95% probability of finding
more than zero, namely at least one barrel, and a 5% probability of finding more than 112 billion barrels,
which together delivers a mean value (as the mean of the P95 and P5 yasededillion barrels,
which is later reported as the reserves in official assessments.

Former Total petroleum geologist Jean Laherrere often says that publishing reserve figures is a largely
political act (for example: Laherrere, 2005; Laherrere, 2006mpbell (2008) also agrees with this-pi
ture, attributing economic incentives and the need to deliver satisfactory financial records as a driving
force for obscuring technical data and geological estimates.

3.6 Production fundamentals

Once a reservohas been located, the acteatractionof its hydrocarbon content can begin. The extra
tion process is often referred to @®duction although one may think that extraction is a more suitable
word since the hydrocarbons are removed from the reseAvgwod introductory description of produ
tion methods and various technical components can be found in Robelius (2007).
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3.7 Reservoir flow relations

Within the reservoir, the flow of fluids is the governing factor for the extraction process. In ofaker to
produced, the hydrocarbon fluids must reach the production wells 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, gravitydrainage and capillary effects are the main forces governing the flow (Satter et al.,
2008). Viscous forces dominate the behaviour of fluids, both produced and injected, in a reservoir. Under
viscous conditions, flow rates are laminar and proportiondig¢@ressure gradient that exists in the re
ervoir (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 betwleeriluid phase and the pore walls, something
that can form sealing conditions if the capillary entry pressure is high. Gravity and capillary forces act in
the opposite directions and can be used to determine the initial distribution and saturatiogasf anild
water in any hydrocarbabearing porous structure (Satter et al., 2008). The movement of fluidssn a re
ervoir 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 osimilar of manipulation of fluid properties

In most reservies, more than one factor is responsible for the flow of fluids and closer discussion on
this can be found in Satter et al. (2008). Some parameters can be affectedrgdeameasures, while
others cannot. The slope of the hydrocarbearing formation isn example of a flow parameter that is
fixed, while external fluid injection is dynamic and dependent on installed technology and production
strategy.

Compressibility determines how much the reservoir can be compacted, which is similar to squeezing a
spange in order to get more fluid out. It is a function of a number of parameters, including the type of
minerals that make up the rock mass, the degree of sorting, the degree of mineral decompositian or alter
tion, cementation and especially porosity (NagéD1). Highly compactable reservoirs usually hawe re
ervoir porosity greater than 30% (Nagel, 2001).

Compaction has been known to cause a significant increase in the available drive energy for-hydroca
bon recovery. In the Norwegian giant field Valhatbpgpaction has been claimed to make up 50% of the
total drive energy (Cook et al., 1997). The Norwegian Ekofisk field is estimated to recover an additional
243 to 280 million barrels as a result of increased reservoir compaction (Sulak et al. 1991; &ylte et
1999). In the Bolivar Coastal oil fields in Venezuela, compaction drive has been estimated to constitute as
much as 70% of the total drive energy (Escojido, 1981) and if steam flooding is used, compaction drive
contribution can reach 80% of the togglergy for the same region (Finol and Sancevic, 1995).

Compaction can also lead sabsidencewhich is the sinking of the ground level above the reservoir.
Wilimington and Ekofisk oil fields are both well known examples both due to the magnitude obthe s
dence as well as the cost of remediation (Nagel, 2001). Lake Maracaibo and the nearby Bolivar Coastal
Region are other examples of how reservoir depletion has caused severe subsidence and flooding and
similar effects are true for the giant Groninges fjald, where a subsidence of only a few decimetres
poses a significant threat since large portions of the Netherlands are below sea level and protected by
dikes (Nagel, 2001).

Waterinjection can solve subsidence problems and has also been showa todtesffective way to
control compaction (Piece, 1970). However, injecting water might take the edge off subsidence issues but
this also leads to the loss of compaction drive, a significant energy for driving hydrocarbon flows in the
reservoir. All togeter this shows how various flow factors can balance each other. An increase in one of
the driving forces can lead to a decrease in another and vice versa. All toggtheroir flows area
complex problem, with many interdependent variables.
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4. Oil production modelling

The production of an oil field tends to pass through a number of stages. This can be described by an idea
ized production curveA version of this curve can tseen in Figurd.l After the discovery well, anpa
praisal well is drilled to étermine the development potential of the reservoir. Further developnhent fo
lows and the first oil production marks the beginning of the huglgpohase. Later the field enters a-pl
teau phase, where the full installed extraction capacity is used, befaltg firriving at the onset ofed
cline, 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 to a
sharp peak, while large fields can stay severehades at the plateau production leviéie life time of a
field and the shape of the prodion curve areften related to the kind of hydrocarbon that is produced.

For instance: endensate flows very easily and can be extraatewbst all at once, whickesults in
high decline rates (I). NGL is a by product of natural gas, hence following the gas production ¢urve int
mately(l). Comprehensive studies of the life times and time scale of variaqygesdtave been performed
in paperll.
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Figure4.1 A theoretical production curve, describing the various stages of maturity. Source: Robelius (2007).

Fluid flows in porous media can be simulated to high levels of complexity or simplicity, largely d
pending on details in the flow model. These types of flovc@sses generally lead to complicated keha
iour 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 exangle is th
ECLIPSE oil and gas simulator from Schlumberger Information Solutions (2009), which uses an implicit
three dimensional finite difference approach to solve material and energy balance equatidtiphase
fluid system with up to four components in dsurface 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 neural networks and fuzaflmgic (Z
and Ouenes, 2007) or algebraic multigrids (Stiben et al., 2007), have been utilized to model reservoir
flows.

Combining the reservoir flow models with drilling and development plans along with economic i
vestment models for the field can result icwate descriptions of actual production and how it changes
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over time. However, precise prediction of fluid flows usually requires detailed data and knowledge of
many important reservoir properties and parameters, such as permeability, pressure andsifimitar

plans and details around installations and development schemes are also seldom openly available. In pra
tical cases, much of the necessary data for accurate modelling is rarely available for outsiders, since oil
companies and producers do ndease it. Consequently, simplified models have been developed by
various researchers and engineers to mitigate this shortcoming.

Some examples of simplified models for production forecasting are depletion rate analysis and the
utilization of decline curgs, which are applicable to individual fields. Decline rate and depletion rate
analysis is the main focus for this work. Decline curve analysis has a long history and has been used for
more than 50 years within the oil and gas industry. In a similar fastiépletion is strongly linked to the
fundamental reservoir flow relations and analysis of the depletion rate is therefore a sound approach.

Peak oil discussions are often connected to the Hubbert curve, which aims to depict the codlective b
haviour of alarge number of fieldsA significant number of models and methods for creating future ou
looks on a global or regional scale are available (Bentley and Boyle, 2007), but they cannot be used for
single fields. Due to this constraifirther discussion ahese modelling approaches will notfgsued

4.1 Decline rate analysis

The decline rate refers to the decrease in petroleum extraction over time. In many cases the decline rate is
calculated on annual basis, yielding the change in produced volumef®iyear to another. See agu

tion 4.1.1for a generabefinition. It should be noted that the decline rate can be positive in some cases,
representing an increasing production.

) Production,,-Production,, ;
Decline rate,= - (4.12)
Production,, ;

Decline might be caused by politics, malfunctions, sabotage, depletion and other factors. The driving
force behind decline can be political or socioeconomic, representingnaaa restrictions on the utiéiz
tion of a reservoir. Decline can also bevdri by natural forces, such as depletion of recoverable volumes
within a reservoir and the resulting decline in reservoir pressure that diminish the flow rates. In reality
decline is often driven by several factors.

Politics-driven declineusuallydisapmars once the political tensions have been resolved, and this was
clearly seen after the oil crises of the 1970s when Middle East resumed their oil export to the western
countries. In a similar way, economidsven decline might be seen in fields whereklaf payments,
service, modernization and investments has reduced the production flow. Also in this case, decline us
ally disappears once more investments have been made or the economic situation returned to normal.

Depletiondriven decline occurs whehé recoverable resources become exhausted and the production
flow is reduces due to the physical limitations of the reservoir. Depldtivan decline is different from
other forms of decline and much harder to comperfsatesince it can only be alleviied 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.

Depletion is a key factor for the fluid flows within the reservoir andatmectionto flow fundame-
tals makes it an important parameter for understanding oil produciioorder toconceptuallyunde-
stand how depletion affects fluid flowa simplified example can be considered. In gas fields, the ideal
gas law and related spial cases are often useful and pedagogic t@uie. should also remember that
behaviour of real gases deviates from ideal gases, notably at high pressures and temperatures. However,
this can be handles with gas deviation factors (Satter et al., 2008).

Boyl e léaw, first formulated by Robert Boyle (1662), describes the inverse proportionality df-the a
solute pressure and volume of a gas, if the temperature is kept constant within an isolated system (Equ
tion 4.1.2. This is often applicable in gas resdargpsince they are reasonable isolated and imtale
equilibrium with the surrounding bedrock, resulting in constant temperature.

Pressure * Volume = Constant (4.1.2
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The law can also be rewritten into a relationship between pressures and voltoresihe after a ce
tainisothermalkchange

P1V1 = P22 (4.1.3

where
p1, P2 = pressure of gas at stateespectively2, and
vy, V, = specificvolume of gas at stateréspectively2.

Gas extraction removesasswithout changing the volumef gas in thelifferentstatesi.e.v; = v,.

As a result, pressure must fall i n uationB&.f)itfolo mai n
lows that decreasing pressure leads to decreased flow rates, if all other things are equal. Consequently,
extraction ofgas from a reservoir will result in declining production with time, in other words &-depl
tion-driven decline.

The situation becomes more complicated with oil extraction or other forms of production strategies,
but the general situation is the same ath@simplified gas reservoir case. In fields where production
strategy is to maintain reservoir 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 aggaewith the material
balance equation (Satter et al., 2008). However, the oil production will ultimately fall and watez-produ
tion increase as more and more injected water begins to diffuse into the production wells. As the reservoir
depletes, the well iV eventually produce too much water to be economically viable, despite the fact that
reservoir pressure might still be high. The ratio of water compared to the volume of total liquids produced
is referred to asvater cut In mature fields the water cuae reach very high levels, up to 90% and more
has been recorded in parts of China (Pang, 2@08grican d fields in Kern Bluff and Mount Posar-
easreports water cut of over 99%dlifornia Department of Conservation, 2007).

To summarize, it is necemy to differentiate politics and economics from physical factors affecting
decline rates. This is perhaps best shown witbvarkal life examplebased on simple exponentiad-d
cline functions(Figures 4.2and 4.3). Curve fitting can be improved dramatibawhen data points di
turbed by sudden political or economical events are ignored.
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Figure4.2 Jones Creek, a giant oil field in Africa, shows several production disturbanced lbgtlkse economic
collapse of the Nigerian economy in the wake ofdih@rice drop in the 1980s along with sabotage and rdbel a

tacks. In order to obtain a reasonable fit for a decline curve one must filter out some unnatural drops in production
due to socioeconomic factors.
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Figure4.3: Claymore, a UK offshore giarghows a sudden drop in the production as a result of the Piper Alpha
accident. The repercussions of the incident held back much production until new safety regulations were in place.
The dashed line show a decline curve fit if the Piper Alpha disturbaasénaluded and gives a hint of how asu

den dramatic event can affect the reliability of the fit.
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4.1.1Decline curve

Arps (1945) created the foundation of decline curve analysis by proposing simple mathematical curves,
i.e. exponential, harmonic or pgrbolic, as a tool for creating a reasonable outlook for the production of
an oil well once it has reached the onset of decline. His original approach has later been developed further
and is still used as a benchmark for industry for analysis and irtegrpreof production data due to its
simplicity (II, I11).

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, introguters b
(1945), is actually the analytical lotgrm solution to flow equation of a well with constdattomhole
flowing pressure (Hurst, 1934; van Everdingen and Hurst, 1949). The biggest advantage of decline curve
analysis is that it is virtually indepdent 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
data requiement for decline curve analysis and extrapolation is production data, whiglatigsely easy
to obtain for a large number of fields.

Decline curves of various forms can be used to create reasonable outlooks for fluid production of a
single well or an entire field. However, it should be emphasized that in many field casds alsivgis
not sufficient to obtain a good fit and it may be necessary to use a combination of curves to obtain good
agreement (Haavardsson & Huseby, 2007). The importance of individual fields diminishes as the total
number of studied fields becomes laegel generalized field behaviour can be identifiédll ). In such
casesa simple decline curve can successfully be used to forecast total production from a large set of
fields, as underand overestimations for individual fields cancel out each dthére long run. Cores
guently, decline rate analysis and decline curves can be a convenient tool for identifyiteyiongnds
and projecting reasonable production behaviour into the future.

The Arps decline curves are simplistic and focused onrmbtaexpressions with mathematical teact
bility that could be utilized in a simple and straightforward manner. In the mddslessumed that the
declining production starts a given timg with initial production rate of, and the initial curalative
productionQ,. The production rate at time> t, is denoted by;(t) and the corresponding cumulative
production at the same time is defined by the inte@gfal = f q(u)du.

The simplest decline curves are characterizethtse parameters the initial production raie> 0,
the decline ratd > 0 and the shape parameieg [0,1]. If the production is allowed to continue without
end and the integr@(t) = f gwdduconverges as t YD atethe dltimategpconsmis i bl e
tive production of the decllne phase, which can be summedQyiih give the fields URR. Normally
production is stopped when the economic/energetic limit is reached, i.e. when keeping the equipment
running requires more moneydor energy than it yields. This eaff point can be denoteq < r, and
is found by solving;(t) = r. with respect to t, where the solution occurs.gat. By insertingt.,,; as the
upper limit forQ(t), one can now calculathe technically recoverable volume, denoted Ry V

The key properties of the Arps exponential and harmonicrdeclirves can be seen in Table. Zlie
generalized hyperbolic cagedescribed in Tabld.2 Note thathe exponential and harmonic curvesly
are special cases of general hyperbolic decline. Modification of the shape payacetaalter the shape
of the production rate function and be used to determine what kind of decline curve that is suitable for
fitting against empirical data. The value of the decline parametgverns how steep the decrease in
production will be.

The exponential decline curve is by far most convenient to work with and still agrees well with actual
data. Hyperbolic and harmonic decline curves involve more complicated functions and are, consequently,
less practical to utilize. The disadvantage of theoeential decline curve is that it sometimes tends to
underestimate production far out in the tail part of the production curve, as decline often flattens out t
wards a more harmonic and hyperbolic behaviour in that region.

An example of the applicatiorf decline curves can be made from the UK offshore giant field Thistle
(Figure4.3). The field peaked at a production level of around 123 000 barrels per day in 1982 and has
been in decline since, currently the daily output is only a few thousand barcelgmficant disto
bances have occurred since production started.
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Table4.1 Key properties of Arps exponential and harmonic decline curves

Exponential Harmonic
B B=0 B=1
q(t) roexp (—A(t — o)) ro[exp(—A(t — to))]_l
Q(®) Qo + 2 (1 — exp (=A(t — t)) Qo + %’ln (1 + At — )
URR 0, + ;_0 Not defined
ot () w+afr-1]

Table 4.2Key properties of Arps generalized hyperbolic decline curve

Hyperbolic

B B €[01]
q(t) o[l 4+ 2B(t — to)]"VF
Q(t) To 1-+

Qo +/1—(1 s [1 - (1 + AB(t — to) B)]
URR To
T 2
tcut 1 To
a G ]
Vrec

To To\P 1
IS Kr_ _1l

An exponential decline curve fit to decline phase of thedigiges an average annual decline rate of
15.3% and cumulative production up to 1982 was 0.13 Gb. Using the relations of the Arps exponential
decline curve we find that the figklURR becomes 0.46 Gb, which is near the official URR estimate of
0.51 Gb baed on unspecified methodology. The cumulative production up to 2008 was 0.41 Gl indica
ing that there are still some oil left to produce, but the low production rate will probably leachto aba
donment in before all recoverable oil has been extracted.

A constant decline rate also makes it possible to plot annual against cumulative productiom-and ide
tify a linear trend, which can be extrapolated to estimate ultimate production (Figur€hisdis often a
simple and straighiorward way of using productiodata for predicting future production. However, it
has a drawback in terms of comprehensibility for the viewer. In other words, it is hard to grasp the temp
ral scale as the graph does not have time on any of the axes.

In a similar way it is possibl® use decline curves to check agreement with official reserve estimates
based on geological methods in any field where decline curves can be applied. This can also be utilized to
create an URR estimate of a field where only production data is knownn®eciive analysis offers
many opportunities and possibilities, provided that the field has reached the onset of decline do-the met
odology can be applied.
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Figure4.3: The historical production of the UK offshore giant Thistle together with a fittedrexyial decline
curve. The agreement is good and no data points need to be excluded in order to obtain a reasonable fit.
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Figure4.4: The historical production of the UK offshore gidiitistle plotted in a different way. A lingdgrendcan
befound in thke decline phase and extrapolated to give a hint about futtineate production.

32



4.2 Depletion rate analysis

The decline rate is only connected to production flows, while depletion rate bridges the gap between r
coverable reserves in the ground andaoted volumegll). Depletion can be defined in a number of
different ways,accordingly,it is hecessary to establish a good nomenclature to avoid misunderstanding
and confusion.

Just as in decline curve analysis, the production rate atttbng, is by denoted by;(t) and the co
responding cumulative production at the same time is defined by the u@ggfaf q)du. Initially
present reserves are callRg and may be estimated using any form of reserve category, butf@R is
guentlyused. Usually it is convenient to work with URR or some other relatively static reserve number,
since the problems of reserve growth and changes in reserve estimates over time isndoioidgreatly
simplifies calculations. The remaining reseatdimet may thus be designat®] and defined in Eca+
tion 4.2.1

Ry =R — Q¢ (4.2.)

The most fundamental property when it comes to depletion is the so called depletidn {ekih re-
fers to the produced share of the initially presesemees (Egation4.2.2. This is frequently used by
various organizations, such as IEA (2008) or S&udimco (2004) to describe depletion in fieldypi-
cal depletion levels for the onset of declinedibeen studied in paper Il.

D, = =t (4.2.2

From the definition of depletion level a form of depletion rate can be created by differentiating the
production with respect to time. This leads to depletion rate of initial reserveand may be denoted
asd; (Equation 4.2.3

d, = — 4.2.3

Often it is much more meaningful to work with remaining reserves, as reservoir bet@nchange
with extraction of recoverable hydrocarbons. Depletion is a driving factor for reservoir flows and this
makes the remaing reserves a more useful parameter than initially present recoverable volumes. This
argument leads to the definition ofapletion rate of remaining reservedenotedis, (Equation 4.2.%
This depétion rate measure is more useful than the digpleof initial reserves, thus depletion rate will
from now on refer tals, unless otherwise specified.

4t dt
=== — 4.2.

R~ Ro- 0 424

The depletion rate can also be seen as the inverse of the fespreducton ratio RPR) as described
by equation 4.2.5An RPratio of 10 would, for example, correspond to a depletion rate of remaining
reservesat 10%. This simple connection is not generally wabwn, but can bridge the gap between the
commonly used RPR fromesource statistics and the depletion rate modelling of resource extraction.

R, Ry-— 1
RPR, = — = Rom Q1 (4.2.5
qt qt dst

Prior to the onset of decline, the depletion rate generally increases with increasing extraction. This is
easy to understand from the definition, as increased extraction niednfheremaining reservegets
smaller and smaller, thus modepleted. The depletion rate behaviour in the decline phase is another
chapter and needs to be investigated in a more detailed manner.
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For exponential decline phase it follows that the depletate equals the decline rate. Using tha-rel
tions for production, cumulative production and URR for Arps exponential curve (#dpland inser
ing them into the definition of the depletion rate (Btion4.2.5 gives:

roexp (—A(t — to))
(Qo+ ) = (@0 +2 (1 —exp (-A(t — £)))

dst =

(4.2.9

This can now be simplified into:

4o Aren (A= ty) _
07 Texp (At —to))

(4.2.6

In other words the depletion eaéquals the decline rate in an idealized exponential decline cugve (Fi
ure 4.5). Consequently, knowing depletion rates also makes it possible to determine likely decline rates,
at least for depleticdriven decline resulting from reservoir flow relatiottowever, it should also be
remembered that decline is a property that also is affected bphysical parameters, such as irtves
ments, accidents and politics. Depletion rate analysis can only provide a suggestion of reasonable decline
rates for analyzetields.
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Figure 45. Theoretical production pfite for a field with a perfec5% exponential decline. The URR becomes 2.61
Gb using the Arps URRunction, with 0.51 Gb being extracted in the build phase. Once the exponential decline
begins, the deptimn rateof remaining reservasecomes constant.

It should also be mentioned that exponential behaviour is a simplified form of decline and that the
general situation tends to be hyperbolic in nature. This makes it interesting to study how deplation rate
behaven the hyperbolic decline situation. Combining the definition of the depletion ratetigg4.2.4
and the functions for production, URR and cumulative production in the hyperbolic case 412ble
gives:
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dst =

o[l + AB(t — )] V/P

(00+ 77%5)

- (0o +

A1 =p)

Simplifying yield a depletion rate which is decreasing with time:

The hyperbolic depletion ratdso approaches zero as time increases, since the depletion rate function
t YD. Thi snaximem depletioa r y
rate must be reached before the field reaches the onset of decline iertbelgcase. Typically the
maximum depletion rate occurs just before the onset of decline, provided that the URR estimate is acc

i's stri

ctl

. A1-B)
8T 1+ AB(t — ty)

y decreasing

rate. This is illustrated in Figure6.
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Figure 46. Theoretical field with hyperbolic decline behaviour. The depletiom resiches a maximum value when
the onset of decline is reached, before slowly decreasing asymptotically towards zero with decreasing production.

The existence of a maximum depletion rate for individual fields also indicates the existence of a
maximum defetion rate on a regional or global scale. Orerentdecades various models and studies,
which all use some limit for the depletion rate or the RPR of a resource, havenhdeby Flower
(1978), Wood et al. (2004) and Campbell and Heapes (2008). THanmemtals behind this approach
have been analyzed in more detailed by Jakobsson et al. (2008), which also coined theaxamem

depktion rate modellingo describe this type of forecasting methodology.

The depletionat-peak (DAP) parameter is thdepktion rateof remaining reservethat occurs when
the production peaks or the point at which production lastingly leaves the plateauGibase disce-
sion and examples of this can be found in papérhis is often the highest depletion rate that cséar
the entire production profile, provided that the URR estimate is reagoaedirate and realistic. DAP
may also be seen as the point in time when depletosed decline in reservoir pressure/antiows
will begin to dominate over other factorbus forcing the field into a stage pfedominantlydepletion

driven decline.
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Figure4.7 shows a narrow distribution of DA¥alues for the world offshore giant fields, and mdee
tails on this can be seen in pafeNorth Sea dwarf fields from Norwapenmark and the UK also du
ter around some reasonable Dadtues Figure 48). All this put together shows that only a narrow band
of depletion rates are possible before a hydrocarbon field begins to decline. Consequently, depletion rate
analysis can besed to estimate when the onset of decline will come.

Depletion rates also put a constraint on the amount of hydrocarbons that can be extracted as a function
of time and it connects production level to a required reserve base. Engiiriakshows thatlepletion
forces oil giant fields into the decline phase when aroutt8% of the remaining reserve is extracted
annually (1). Similar limitations are also likely to exist for smaller oil fields, but this has not beesrinve
tigated in detail yet.

Offshoregiant fields: Depletion-at-peak 3% bins
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Figure4.7. Distribution of DARv al ues for the worldbés giant offshore fi.
The histogram is somewhat skewed and resembles an exponential distribution. Higher depletion rates than 20%
virtually never occuand are lilely results from an underestimated URR.

Depletion rate analysis is somewhat similar to decline rate study, but require more data in order to be
utilized. The advantage of depletion rate analysis is that it can also describe more phasésfiefdis
life and give some hints of future behaviour of fields that are currently on plateau production or-in build
up phase. The most important property of the depletion rate is that it is strongly connected to the reservoir
flow relations, as the extraction oécoverable volumes causes a decrease in reservoir pressure which
influences fluid flow driving forces. Compressibility, gas dissolution, fluid injection and other key flow
factors are seldom accessible, so depletion generally becomes the only avaikabletgraconnected to
the fundamental flow relations. Analysis of large oil field sets have found strong correlations between
decline and depletionl{, which is hardly surprising given the importance of depletion as a driving force
for reservoir flows.
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Figure4.8. Distribution of DARvalues for the North Sea dwarf offshore fields that has reached the onset of decline.
The histogram is strikingly similar to the giant offshore cBsspletion ratedigher than 30% likely results from
underestimated URRalues.

The existence of a maximum depletion rate interval for oil fieddkeast empirically, seems unlikely
to be eceeded whout entering the decline phase, is perhaps the most vital discovery. This connects
production level to a needeckserve base, and also puts a limitabarhow fast the recoverable volumes
a field can be dracted in any reddiic caseif production is expected to behave in agreement witit hu
dreds of adlyzed oil fields (1).

The depletion rate limitation for individual fields must also be preserarfail producing area, since
it is made up from a number of fields. From suitable L#¥Rmates and production data it is possible to
create depletion rate curves for regions and analyze the behaviour on a region scale. Lduokintpet
UK and Norway gres a good overview of how depletion rate analysis also can be applied to regional oil
production (Figuretl.9 and4.10).
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Figure4.9. UK oil production increased dramatically after the discovery of North Sea oil. The production peaked in
1999 and has lem declining ever since. Based on an assumed URR of 35 Gb, which is optimistic compared to
Campbell (2008), the depletion rate was around 6% in 1999. In surnimanggional depletiobehaviours look-

ing similar to that of an individual oil field.

However, his needs to be analyzed in more detail to uncover the similarities and differences between
depletionrate behaviour onegional scale anth individual fields.Furthermore, Jakobsson et al. (2009)
has already taken some of the first steps in tiy&teng the foundations of this type of forecasting et
odology.

Individual field properties will definitively affect the regional behaviour to some extent and therefore a
field-by-field study of depletion may be beneficial to all forms of regional deplehodels ). Regad-
ing field behaviour, it can be mathematically shown thabughly bell-shaped production curve for a
certain region will appear if the individual field profile is triangular, but this needs to be generétized
arkitrary production cung(Stark, 2008).

Depletion rate analysis is not limited just to oil and natural gas, as it also can be a vital tool for coal
production analysis and forecastirg.fact, cepletion is an important factor for all forms of finite-r
source extraction. Howevehe problem of defining an URR can be more challenging for coal or metal
ores. Despite this, there have been attempts to establish URR estimates for coal comparable with the
URR-concept in crude oil analysis (H60k and Aleklett, 2009). Using such an tsfiondheU.S. anthia-
cite, the highest raiikg coal that almost only occurs in Pennsylvania, results in a picture similar to crude
oil production(Figure 4.1).

Regional modelling has also includes a wide array of different growth curves anchelteoycling
curve fitting. The regional picture often becomes more complex and opens up for many more modelling
options. More discussion on this is sadly beyond the scope of this thesis.
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