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Preface

This report has been produced by the UK Energy Res:é
Policy Assessment (TPA) function.

The TPA was set up to address key controversies in the energy field through
comprehensive assessments of the current state of knowledge. It aims to provide
authoritative reports that set high standards for rigour and transparency, while
explaining results in a way that is useful to policymakers.

This report f or ms part of the TPAOGs a fos pes s-teennphysioalf evidenc
constraints on global oil supply . The subject of this assessment was chosen after

consultation with energy sector stakeholders and upon the recommendation of the TPA

Advisory Group, which is comprised of independent experts from government, academia

and the private sector. The assessment addresses the following question:

What evidence is there to support the proposition that the global supply of
6conventional oil & wildl be constrained by physical

The results of the proj  ect are summarised in a Main Report , supported by the following
Technical Reports
1. Data sources and issues
Definition and interpretation of reserve estimates
Nature and importance of reserve growth
Decline rates and depletion rates
Methods for estimating u  Itimately recoverable resources
Methods for forecasting future oil supply

N o o bk w D

Comparison of global supply forecasts

The assessment was led by the Sussex Energy Group (SEG) at the University of Sussex,

with contributions from the Centre for Energy Policy and T echnology at Imperial College,
the Energy and Resources Group at the University of California (Berkeley) and a number

of independent consultants . The assessment was overseen by a panel of experts and is

very wide ranging, reviewing more than 900 studies an d reports from around the world.

Each technical report examines one set of issues relevant to the assessment of global oil
depletion. Technical Report 5: Methods of estimating ultimately recoverable resources
examines the methods for estimating the size of oil resources in a region, focusing in
particular on the extrapolation of historical trends. It also summarises and evaluates the
estimates that have been produced for size of global resources and assesses their
implications for future oil supply.
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Executive Summary

The date of ul ti mate exhaustion of the oil
debate. Instead, the primary focus of this debate igatikaf production (typically measured

in barrels per day) and the reasons why that rate swesttually declineBut while the

absolute size of an oil resource is less important than the potential rate of extraction of that
resource, disputesver the former nevertheleptay a prominent role in the peak oil debate.

This is especially the case foonventional oil which continues to dominate global oil supply.

Other things being equal, larger estimates of the resource size for conventional oil lead to
more optimistic forecasts for future global oil supglyand vice versa. Hence, the
O0pessinmi s6tospdt iami st s6 about future global sup
volume of conventional oil resources that are likely to be economically recoverable.

A central concept in this debate is tiiemately recoverable resourcesr URR, for a field or
region, or theamount of oil estimated to be economically extractable over all finvariety

of methods may be used to estimdfeRand these may be applied at levels of aggregation
ranging from a single well to the entire world. One group of odghrelies more upon
geological information and is more appropriate for less explored regions, while a second
group relies more upon the extrapolation of historical trends and is more appropriate to well
explored regions. In both cases, the methods caerdite extremely simple, relying solely
upon aggregate data from a region, or highly complex, requiring either detailed geological
information or data from individual fields. As with the URR estimates themselves, the
relative merits of these different metts is the subject of intense and frequently polarised
debate.

The primary objective of this report is to describe and evaluate these different methods.
Primary attention is paid to the methods based upon the extrapolation of historical trends,
since thes are widely used by the analysts concerned about global oil depktsecond
objective is to summarise and evaluate the estimates that have been produced for the global
URR of conventional oil and to assess the implications for future oil productigrar@ular

interest is the relative plausibility of the optimistic and pessimistic estimates and the
implications of both for mediurterm oil supply.

The main findings of this report are as follows

Methods and principles

1 There are a variety of methodsr festimating URR and many variations on the basic
techniques. 6Geol ogical 6 techniques are mo
whil e 6extrapolationd techniques are mor e
confidence bounds on thesstimates are commonly very large and the few studies that
compare different techniques show they can lead to quite different results. Accuracy can
be improved through analysing disaggregate regions, but this is resource intensive and
generally requires aess to proprietary data. All estimation techniques have identifiable
limitations and it is important that estimates are accompanied by confidence intervals and
full details about the methodology and assumptions made.

1 The extrapolation techniques differdegree rather than kind and share many of the same
strengths and weaknesses. But a key practical difference ifgettatize distributiorand
discovery procesgechniques require data on individual fields, while sinmqulevefitting
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only requires aggrege data. All assume a skewed field size distribution and diminishing
returns to exploration, with the large fields being found relatively early. But these
assumptions will only hold if depletion outweighs the effect of technical change and if the
region s geologically homogeneous and has had a relatively unrestricted exploration
history. This is frequently not the case.

1 Assumptions about the field size distribution and discovery process underlie most of the
extrapolation techniques. It is generally ackiexiged that the majority of oil resources
are contained in a small number of large fields, with around 100 oil fields accounting for
up to half of global oil production and up to 500 fields accounting for two thirds of
cumulative discoveries. Most of tlee§ields are relatively old, many are well past their
peak of production and most of the rest will begin to decline within the next decade or so.
The remaining reserves at these fields, their future production profile and the potential for
reserve growthsi therefore of critical importance for future global supply.

1 The proportion of total resources contained within small, undiscovered fields continues to
be disputed. While the observed lognormal size distribution of discovered fields is likely
to be the radt of sampling bias, there is insufficient evidence to conclude whether a
0l inear 6 or Oparabolic fractal 6 better
technical improvements and higher prices should make more small fields viable, many
will remain uneconomic to develop and the exploitation of the rest will be subject to
rapidly diminishing returns. As a result, the competing estimates of the resources
contained in small fields should be of less significance to future supply than the potential
for increased recovery from the giant fields.

Curve fitting techniques

1 The popularity of curwitting techniques to estimate URR derives from their simplicity
and the relative availability of the required data. But many applications of-fitiive
take irsufficient account of the weaknesses of these techniques, including: the inadequate
theoretical basis; the sensitivity of the estimates to the choice of functional form; the risk
of overfitting multi cycle models; the inability to anticipate future cydeproduction or
discovery; and the neglect of economic political and other variables. In general, these
weaknesses appear more likely to lead to underestimates of the URR and have probably
contributed to excessively pessimistic forecasts of oil supply.

1 Curve fitting to discovery data introduces additional complications such as the
uncertainty in reserve estimates and the need to adjust estimates to allow for future
reserve growth. The common failure to make such adjustments is likely to have further
contributed to underestimates of resource size.

9 Tests of curve fitting techniques using illustrative data from a number of regions has
shown how different techniques, functional forms, length of time series and numbers of
curves can lead to inconsistent resulBat although the results raise concerns about the
reliability of curvefitting estimates, the degree of uncertainty may be expected to decline
in the future as exploration matures. Also, accuracy may be improved by thsing
lowest possible level of spal aggregationdistinguishingbetween onshore and offshore
regions andadjustingfor future reserve growth using functions derive from the technical
literature

1 The literature on curvétting techniques hagenerallypaid insufficient attention to the
statistical issues involveduch as goodness of fit, missing variables and serial correlation
of the error termsWhere data is available, some of the limitations of curve fitting may be
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overcome with the use of hybrid models that incorporate relevanbeto and political
variables. But despite their better fit to historical data, such models may not lead to
substantially different estimates of the URR.

1 These limitations do not mean that curve fitting should be abandoned, but do imply that
its applicabiity is more limited than commonly assumed and that the confidence bounds
on the results are wider than is commonly assumed. Where possible, resource assessments
should employ multiple techniques and sources of data and acknowledge the uncertainty
in the results obtained.

Global Estimates

1 Estimates of the globaURR for conventional oil vary widely in their methods,
assumptions and results. Comparison is complicated by the differing definitions of
6conventional oi Il 8 and t hglobahbRReesupp m pasti mi st i
from an excessively narrow definition. Further difficulties arise from the use of
competing reserve definitions and differing thifinemes for the definition olURR,
together with uncertainty over OPEC reserves and the inconsisgatrhent of reserve
growth. The information currently available does not allow strong constraints to be placed
on the last two variables.

1 Estimates of the global URR of conventional oil have been trending upwards for the last
50 years and this trend shewittle sign of diminishing. Contemporary estimates fall
within the range 2004300 Gb,while the corresponding estimates of the quantity of
remaining resources fall within the ran§@0 to 3170 GbThis wide range leads to a
corresponding uncertainty ine projections of future global oil supply and the date of
peak production.

1 The USGS estimated a glodaRR of 3345 Gb in 2000 and in 2008 the IEA revised this
upwards to 3577 Gb. Despite being much larger than previous estimates, the repeated
assertions hat the USGS esti mat-epgt iamiestdoiddbés capme ¢
premature. Global reserve growth appears to be matching the USGS assumptions, the size
of recent discoveries may have been underestimated, there are continuing restrictions on
exploration in the most promising areas and a more recent study by Ageileda s
comes to comparably optimistic conclusions. However, the IEA estimate relies upon a
large contribution from EOR that they anticipate will take decades to be realised while
some of Aguileraet ald assumptionappear questionable.

1 In a simple logistic model, increasing the global URR by one billion barrels would delay
the date of peak production by only 4.7 days. This result is not substantially changed if a
more sophisticatedhodel is used, that allows for varying degrees of asymmetry in the
production cycldKaufmann and Shiers, 2008yor a range of assumptions about the size
of the globalURR and the rate of change of production before and after the theaftate
of peak production is found to lie betwe2@09 and 2031Delaying the peak beyond
2030 requires dpmistic assumptions about the gloldRR combined with a relatively
steep pospeak decline rate and/or slower rates of demand growth than are
conventionally assumed. Forecasts that predict no peak before 2030 should be evaluated
on this basis.

1 Even if he larger URR estimates are correct, it does not necessarily follow that the
resource can or will be accessed at the rate required to maintain global production at a
particular level. If these resources can only be accessed relatively slowly at high cost,
supply constraints could inhibit demand growth. Furthermore, if producers lack the
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incentive to maximize production, demand growth could be constrained further
especially in the importing countries. Hence, the primary issue for the period to 2030 is
therate at which the resource can be accessed and produced.
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1 Introduction

1.1 Why do we need to estimate resource size?

Concerns about global oil depletion are often misleadingly chaissdeas concerns about
6running out of oil éd. The i mage is one of a
dry, which implies that thenain concerns preciselywhen this will occur. Buwhile oil is

clearly a finite resourgehe date ofultimate exhaustion of tis resourcds largely irrelevant

to the Opeak o0i |l 6 de b afthes.debdtas therateofl productiore pr i m
(typically measured in barrels per dayld the reasons why that rate masgntuallydecline

Thereare wellestablished physical and geological reasons whyéateofproduction from

both individualfields and oitproducingregions typically rises to a peak and subsequently
declines(Bentley, 2009) However, these physical determinants are mediatexniyltitude

of technical, economic and political factdrat make forecasting future supply a hazardous
undertaking.While the estimated size othe resource is an important variable in such
forecastsjt is not necessarily the most important one. For example, the global resource of
6 n -@wamventional oibis acknowledged to bseveral times largghanthatof &6 convent i o
o i (IE3, 2008)* but these resources are costly amtifficult to exploit require significant
amounts of energy teextract, transport and refinand are associatedwith serious
environmental impacts. Most importantlf/,these resources camly be accessed relatively
slowly, they may not compensate fdhe decline inproduction from more conventional
sourcesand hencenaynot have much influenaen the date of global peak production.

But while the absolute size dadn oil resourceis less imprtant thanthe potential rate of
extractionof that resource disputeverthe formemeverthelesglay a prominent rol the

peak oil debate. This is especially the ceseconventional oil which continues to dominate

global oil supply.Other thingsbeing equal, larger estimates of the resource size for
conventional oileadto more optimistic forecasts for future global oil supipnd vice versa

(Bartlett, 2000;Bentley, et al, 2009) Hence,the6 pe s si mi st s 6abauinfutureé o pt i n
global supplyoften have very different views on the volumecohventionaloil resources

that are likely to be economically recoverable. This disagreement is compounded by
confusion and disagreement over the meaning of key terms and cofceptsg. 6 convent i
and even over whether the physical size of the resource is relevar{fatedthan, 1993)

A central concept in th debate ighe ultimately recoverale resourcesor URR for a field or
region. Thsis defined agthe amountof oil estimated to be economically extractable fram
field or region over all timeThe URR can be broken down inta number ofdifferent
componentsas summarised iBox 1.1. Current estimates of the glokdiRRfor conventional

oil fall within the range2000to 4300 G which compareso cumulative production through
to 2007 of 1128 &° This representsa quite remarkable range of uncertainty for such a

!Thereisnosingledefint i on of these terms and ambiguity over their me
oil 6 debat e. Conventional oi | is taken here t oexdludeoll ude cru
sands, shale oil and extra kgaoil, as well as substitute liquids derived from natural gas, coal and biomass. For more
background on the definitions of these terms, see the companion report by Speirs an(2Ga@ell

20ften statesdthoe: sigie of the tap, not the size of the tankdc
% These figures include natural gas liquids (NGLs).
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fundamental quantitgndin turn contributego a corresponding uncertainty in the prajecs
of future global oil supply.

Box1.1 Components of ultimately recoverable resources

At any point in time, th&RRfor a region may be broken down into the sum of the following:

1 Cumulative productionthe total amount of oil that has been produced from the region [since
production began.

1 Reservesthe volume of oil estimated to be extractable filamwn deposits in the gton under
defined technical and market conditions.

1 Yet to find the volume of oil estimated to be economically extractable frokmowndeposits in
the region (i.e. those that have yet to be discovered).

While cumulative production should be known relaljvaccurately, estimates of reserves and yet to
find resources are inherently uncertain. For example, the level of confidence in reserve estimates is
typically indicated by the term@rovedreserves (1Pproved and probableeserves (2P) angroved,
probable and possibleeserves (3P). Similar distinctions can be made for estimates of yet tp find
resources, although this is less common. All such estimates rely upon assumptions about the
geological features of the region, the technology of resource esiraamtd the economics of qil
production.

The sum of cumulative production and reserves in a region is commonly referredumaative
discoveries Estimates of cumulative discoveries tend to grow over time, as a result of improved
technology and othem€tors. This is commonly referred to mserve growthalthough it is more
accurately described asimulative discovery growtlas it is the estimates of cumulative discoveries
that are growing, rather than declared reserves. While poorly understoods igresvth is of critical
importance for future oil supply.

For individual fields, the URR represents the sum of cumulative discoveries and estimates of future
reserve growth. For a geographical region, the URR represents the sum of cumulative dis¢overies,
future reserve growth and yet to find resources. f@maining resource$or a region are all the
resources that have yet to be produced, calculated by subtracting cumulative production from the
estimate of URR. W

A variety of methods may be used to estendRR and these may be applied levels of
aggregation ranging from a single well to the entire wdide group of methods relies more
upon geological information and is more appropriate for less explored regions, while a
second group relies more upore textrapolation of historical trends and is more appropriate
to well-explored regionsin both cases, the methodaneitherbe extremely simple, relying
solely uponaggregate data from region, or highly complexrequiring either detailed
geological infemationor data from individual fields. As with the URR estimates themselves,
the relative merits of these differanethodss the subject of intense and frequently polarised
debate.

The primary objective of this report is to describe and evaluate thigserent methods.
Primary attention is paid to the methods based uperextrapolation of historical trends

since these are widely used by the analysts concerned about global oil depletion. We seek to
identify the relative strengths and weaknesses edahmethods, the degree of uncertainty in

the associated URR estimates and the conditions under which they are more or less likely to
produce reliable result®\ second objective is to summarise and evaluate the estimates that
have been produced for theolghl URR of conventional oil and to assess the implications for
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future oil production. Oparticular interest here is the relative plausibility of the optimistic
and pessimistic estimates and the implications of both for metitmoil supply.

As with other elements of #n UKERCstudy, the report is based uposystematic reviewf
the academic and technichierature in this case drawingponmore thar900 studies from
around the worldTo supplement the literature review, we have also analysed dataafr
number of oHproducing regions in order to assess the reliabilitgxdfapolationmethods
under different conditionand to highlight a number of the relevant statistical isshesvell
as drawingconclusions relevant to the UKERC stuatg hope thiathis report camprovide a
reference souecfor future work in this area.

1.2 Structure of the report

The report is structured as follows. Sectiom@oduces some key concepts and definitions

and summarises thmethodsavailable to estimataltimately recoerable resources (URR)
Particular attention is paid to the phenomena of reserve growth and to the distribution of
petroleumresources between different sizes of fieldsHobwshow the field size distribution
underpins many of the methods for estimatirigRJand how global oil resources tend to be
concentrated in a small number of large fields. The methods of estimating URR are grouped
into four categories, namely geological assessments, expert assessments, field size
distribution approaches and historiexitrapolation techniques. The latege widely used by

those concerned about peak oil &oiain the primary focus of the remainder of the report.

Section 3is the core of the report. ttescribes and evaluates therapolation methodsf
estimating ultimeely recoverable resourgesvhich involve analysing historical data on
production or discoveries in a region and extrapolating this to derive an estinladJ&R
While these techniques vary greatly in their data requirements and level of sophistjcation
theyshare the common assumptions tlathe field size distribution is highly skewed, with
the majority of oil being located in a small number of large fields;@rtlese large fields
tend to be discovered early in the exploration process, withegqubst discoveries being
progressively smaller and the product of increasingly greater effbrt. extrapolation
techniques are shown to fall into two broad groups, namaiyefitting techniques which

use aggregate data for a regiand discovery processnodelswhich require data on
individual fields. Curvefitting techniques, in turn, are classified into three groups, namely
production over timediscovery over timanddiscovery over effortwhich each encompass
three individual techniques.Section 3 describes each technique, identifies its historical
origins and contemporary application, evaluates its strengths and weaknesses, clarifies its
relationship to other techniques and identifies the conditions under whgmdre or less
likely to be reliabb. It also introduces astandardmathematical notatiorthat is used
throughout the remainder of the repandwhich can assist the interpretation of #gmapirical
literature.

Section 4 uses data from ten regions to investigatedhsistencyof URR estimates from
curvefitting techniques; that is, the extent to which one estimate differs from another. For
each region, it compares the estimates obtained from different extrapolation techniques, and
also from the same technique using different length of wewes, different choices of
functional form and different choices for the number of curves. The resultssetisels
concerns about the reliabilitf these techniques, at least when (as is often the case) they are
applied at the country or regional &vSome reasons for these inconsistencies are discussed
and the conditions under which more reliable estimates padgntially be obtained are
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highlighted. In particular, it is recommended that the techniguesbestappliedin well-
explored regionat the lowest possible level of spatial aggregation, distinguishing between
onshore and offshore regioasd (if possible) between different types of exploratory activity

It is also importanthat thediscovery estimateare adjustedo allow for future resere
growth.

Section 5 explores some of the statistical issues raised by-fiting techniques and argues

that much of the current literature fails to address these issues adequaitgiyodlices
problems ofmodel specification and comparison, missigiables and serial correlatiar

the error termsnd uses a case stuttybothillustrate these issues and show how they may
potentially be addressetdsing examples from the literature, it shows how the inclusion of
economic and political determinantk discovery and/or productiocan improve the model

fit and allow the dependence &fRR on energy prices and other factors to be directly
explored. However, there are relatively few examples of this type and it is not obvious that
such &éhybr ilehdto substhidllg diffarént estimates of the regiafRR

Section 6 provides an overview and evaluation of gl&lRR estimates and assesses their
implications for future global oil supply. It first summarises and compares some geBal
estimateshat have been made in the past, illustrates how these have grown over time and
looks in more detail at three of the more prominent estimates. It then summarises the methods
and results of the US Geological Survey (USGS) World Petroleum Assessment 2000
evduates whether theubsequengxperience is consistent with thesstimates andxamines

how they have recentlypeen updated by the IEA and Colorado School of Mittethen
examines the implications of the uncertainty in global URR estimates for thefdasak

global production and argues that delaying the peak beyond 2030 requires very optimistic
assumptions about the size of the glob&R and also implies a relatively steep ppsak
decline rate.

Finally, Section 7 provides a brief summary of themfaidings.
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2 Concepts, definitions and methods

2.1 Introduction

This section introduces some key concepts and definitions relevant to ultimately recoverable
resources YRR and introduces the main methodological approaches that are available to
estimate theise of those resources. It argues tb&R estimates are necessarily uncertain

and dynamic and subject to a wide range of institutional, economic and technological
influences. Estimates &/RRmay be derived for levels of aggregation ranging from a single
reservoir to the entire world and for both unexplored and heavily explored areas. They may
also be obtained by using either very simple or highly complex techniques. In all cases,
however, such estimates of best expressed as a probability distributierrrath han a o6 m
|l i kel ydo value.

The structure of this section is as follows. Sectoaclarifies the definition of URR and
relates this to a standard method for classifying petroleum resources, namely the Petroleum
Resources Mnagement System (PRMS). Secti@gB identifies the different levels of
aggregation for which estimates of URR may be developed and provides some relevant
background on oil formation. Sectidh4 introduces the concept of cumulative discoveries
and examines the tendency of these estimates to grow overdime cal | ed &éreserv
Section2.5 investigates how petroleum resources are distributed between differenpsize

field within a region and shows how this fact underpins many of the methods of estimating
URR. Finally, SectiorD examines these methods and classifies them under four categories,
namely: a) geological assessments; b) dxmssessments; c) field size distribution
approaches; and d) historical extrapolation. While each approach is summarised, it is the
extrapolation methods that form the primary focus of the remainder of the report.

2.2 What are ultimately recoverable resource®

As with oil and gas reserve@hompson, 2008)the concept of ultimately recoverable
resources (URR is defined and interpreted in different wayg different individuals and
organisations. Since those holding optimistic views on the future global oil supply frequently
interpret the term differently from those holding more pessimistic views, quantitative
estimates ofJRR are an enduring focus of digige. The BP Statistical Review defind®R

as follows:

fiURRIs an estimate of the total amount of oil that will ever be recovered and produced. It is a
subjective estimate in the face of only partial information. While some condidBrto be

fixed by geobgy and the laws of physics, in practice estimatddRiRcontinue to be increased

as knowledge grows, technology advances and economies change. Economists often deny the
validity of the concept of ultimately recoverable resources as they consider that the
recoverability of resources depends upon changing and unpredictable economies and evolving
techno(BmRBgiogd s. o

“Some authors u sley trheec otveerrnma boluel trienmsaetrev es 0 . However, this 1is
basic distinction between reserves and resources that is reflected in the majority of classification schemes. An aftérnative
more accurate term is Estimated Ultim&ecovery (EUR).
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Refl ecting the econo({@@95) tejects the nodow that iestimates cAd e | m
URRcan play a useful role in forecasting future oil supply.

iMi ner al resources are essentiall yundisanxhaust.i
amount wunknown, probably unknowable and ul tin
is therefore an empty sl(Aegman,l190Only cost and p

In contrast, estimates ®dRRpl ay a centr al role in Hubbert
global oil supply and in the work of subsequent authors such as Canip®@® and
Laherrére(2003; 1999h) These authors forecast future production from a region by fitting a
curve to historical data on oil production and projecting this forward into the future (see
Section 3). Estimates of tHdRR for the regim are used to constrain these forecasts by
setting limits to the area under the curve. Without this constraint, such projections would be
more difficult to perform, especially in regions that have yet to reach their peak of production
(Caithamer, 2008) Ho we v er ,-f istutcihn goéc utrevceh n i gestenatehe an al s
URR for the region. Two key assumptions of this approach are thatRRdor a region can

be estimated reasonably accurately from the historical pattern of discovery or pmoductio

that region and that these estimates will be relatively unaffected by future changes in costs,
prices and technology. Critics strongly dispute both of these assumgitipmsh, 2004;

Nehring, 2006a; b; ¢)eadng to a highly polarised debate:

i éIn general [URR estimates produced by analysts who stress the physical aspects of oil
discovery and production are well below those produced by analysts who stress the economic
aspects. Each group generates estimtias are heralded by adherents and ridiculed by
opponents, regardless of the merits of the estimation process itself. If the estimate confirms
one'sa priori expectations about the scarcity or abundance of remaining oil resources then
adherents argue th#te estimate is accurate and unbiased, the methodology is rigorous and
scholarly, and the estimators' integrity and qualifications are beyond reproach. If the estimate
contradicts one'a priori expectations then opponents argue that the data used totineake
estimate are inappropriate, the methodology is fraught with bias, and the analysts obviously
have artaxe to grindo (Cleveland, 991)

To assist in the interpretation ORRestimates, it is helpful to review a typical classification
scheme for petroleum resources and reserves. As described by Th@g(i®)na variety of

such schemes have been used over the years, but international standardisation has yet to be
achieved. The chosen scheme is the Petroleum Resources Management System (PRMS),
which was introduceth 2007 by the Society for Petroleum Engineers (SPE), the American
Association of Petroleum Geologists (AAPG), the World Petroleum Council (WPC) and the
Society of Petroleum Evaluation Engineers (SPEE). This system embodies many of the
features of earlietlassification schemes and is expected to be influehtial.

The PRMS reflects two variables relevant to resource evaluation, namely: a) varying
knowledge about the existence, quality and magnitude of hydrocarbon deposits; and b) the
varying extent to whiclthese are likely to be technically and economically recoverable under
current and anticipated future conditions. A tdimensional classification scheme based
upon these dimensions was first introduced by Mckeld®72) In this (and most other)

classification system, 0Oreservesod6 aeseof defin
identified hydrocarbons associated with known fields, while the more inclusive term of
0resourcesd also includes hydrocarbons that

5 However, the PRMS is complex with numerous subdivisions, which could be a draiwesks, 1975)
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findd or YTF) as well as t & odbeconte leithér have
technically possible or economically viable to recover. The PRMS classification scheme is
illustrated in Figure 2.1 and some of the relevant terms are defined in Box 2.1. The main
innovation of the PRMS compared to earlier systems @& #stimates of recoverable
resources are linked to investment in specific projects. The full classification system includes
considerably more guidance on issues such as the definition and economics of projects and

the methodologies of resource estima(éfPC, 2007)

Box2.1 Key definitions in the Petroleum Resource Management System

1

Total petroleum initially in placeincludes the quantity of petroleum that is estimated, as

of a

given dag, to be contained in known accumulations prior to production plus estimated

gquantities in accumulations that have yet to be discovered.

Discovered petroleum initially in placéhe quantity of petroleum that is estimated, as
given date, to be contad in known accumulations prior to production.

Undiscovered petroleum initially in placéhe quantity of petroleum estimated, as a gi
date, to be contained within accumulations yet to be discovered.

Production:the cumulative quantity of petroleum thretts been recovered at a given date.

Reservesthe quantities of petroleum anticipated to be commercially recoverable b
application of projects to known accumulations under defined conditions. Reserves n
discovered, recoverable, commercial amanaining and may be further categorised
accordance with the level of certainty associated with the estinf@tesnpson, 2008)
Proved reserves (1RYe estimated to have a 90% probability of profitable extraction, G
upon assumptions about cost, geology, technology and future oil prices. Proved and g
(2P) reserves include additional volumes that are thought to exist in discovered acoms)
but are estimated to have only a 50% probability of profitable extraction. Proved, pr
and possible (3P) reserves include additional resources that are estimated to have on
probability of being profitable.

Contingent resourcesthose quatities of petroleum estimated, as of a given date, tg
potentially recoverable from known accumulations, but where the applied projects are
considered mature enough for commercial development due to one or more conting
Contingent resourcemay include, for example, projects for which there are currently
viable markets or where commercial recovery is dependent upon technology
development. As with reserves, these are further categorised in accordance with the
certainty assoated with the estimatés.

Prospective resourcesghose quantities of petroleum estimated, as a given date,
potentially recoverable from undiscovered accumulations by application of f
development projects. Prospective resources have both amassdahance of discovery af
a chance of development. As with reserves, these are further categorised in accorda
the level of certainty associated with the estimates.

Unrecoverablethat portion of discovered or undiscovered petroleum initiallglace which
is estimated, as a given date, to not be recoverable by future development projects. A
of these quantities may become recoverable in the future as commercial circumstance
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5 The scheme recognises that some ambiguity may exist between the defioftmorgingent resources and unproved (2P
and3P) reservesCont i ngent resources are not expected to be
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Figure 2.1 Resources classification in the Petroleum Resource Management System
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The PRMS uses the term O6Est i matUBRandtlarifiesmat e F
that this is not a resource category in itself, but:

fi € aterm that may be applied to any accumulation or group of accumulations
(discovered or undiscovered) to define those quantities of petroleum estimated, as of a
given date, to be potentially recoverable under defined technical and commercial
conditionsplug hose quantiti gWPCa2007eady produced. O

Several points are apparent from this definition. First, resource estimates require specification
of the hydrocarbons covered, the classification scheme used, the timeframe for which th
estimate is made and/or the associated technical and economic assumptions. It is frequently
difficult to compare resource estimates owing to the lack of clarity over such {#swksws

and Udall, 2003)Even where a single classification scheme is used, the associated estimates
may be made using different technological and ecoanamsumptions, which may not be
stated explicitly.

Second, all resource estimates, including estimate®/RR are inherentlyuncertain -

although the degree of uncertainty should decline as exploration and production proceeds.
Unfortunately, many estimate URRar e oO6det er mi ni sti co, in that
or Obest guess o6 es (Rogma,tle7)IuEh edtimates brg potentidllyc o me s
misleading, since they fail to capture or express the possible range of outcomes (which is
likely to be greater for contingent and prospertresources than for reserves). Also, the
underl ying assumptions may not be reported ¢
represents the mean, median or mode value of a réMBE, 2007) As discussed in
Thompson(2008) a better approacls to present the full range of possible recoverable
volumes, together with their estimated likelihood (i.e. a probability distribution).
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Third, resource estimates are inheremlynamicsince they depend upon the economic and
technical conditions prevailg at the time the estimate is made, together with assumptions
about how those conditions may change over a specified period of time into the future.
Increasing prices will make marginal resources (including smaller field Sizeditable, as

well as irducing technical improvements that reduce production costs and boost recovery
factors. Increasing prices will also encourage exploration and the development of associated
technologies that will help to identify and access prospective resources and altew mo
accurate assessments of their magnitude. Over time, resources will shift from one category to
another and the degree of geological and economic uncertainty should fall. The visual
representation in Figure 2.1 could therefore be misleading, since #twaedize of each
category will vary widely, both over time and from one region to another. For example, in
mature regions such as the United States cumulative production and identified reserves
should be much larger than contingent and prospective cesywhile the opposite should

be the case for relatively unexplored regions.

2.3 Levels of aggregation for estimates of ultimately
recoverable resources

All estimates of ultimately recoverable resources require specification of the geographical
and geologicalevel of aggregationio which they apply. The relevant level may be defined
through geological, political or economic considerations or a combination of the three. It may
range from individual reservoirs to the entire world. Box 2.2 defines some of tsadsby
geologists and the oil industry for classifying the appropriate level of aggregation of
petroleum resource estimates, while Box 2.3 provides some relevant background on the
geological formation of petroleum. Different countries and institutions shghtly different
definitions of the terms in Box 2.2 and both the definitions themselves and the relative use of
these different levels of aggregation has changed over time. For example, Sleipner in Norway
is classified as one oil field, but a compdeadpeological structure in the UK continental shelf
(UKCS) would probably be classified as four separate fi¢Rizsing and Odell, 1984)
Similarly, smaller fields that were previously classified as separate in US records have
subsequently been mergeadto larger fields as exploration progress@drew, 1997)
Inconsistencies such as these can greatly complicate the analysis and interpretation of the
relevantdata.

" As technology improves, extraction costs fall and oil prices increase, it will become economic to recover oil from smaller

fiel ds . However, this process wildl be | i(Owevetamdd19923)Sincetoie dener g
exploration and production is necessarily associated with energy consumption, at some point more energy will be required to
extract the resource than is obtained fiibnWhether or not this coincides with the economic limit on minimum field size

will depend upon the relative price of the different energy carriers involved, together with associated economic factors such

as the availability of investment subsidies.
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Box2.2 Geological levels of aggregation in petroleum resource assessment

)l

Petroleum Well A well may be are drilled to find, delineate and produce petroleum,
some wells being drilled to inject fluids to enhance the productivity of other weksURR
of a producing well is typically calculated by extrapolation of its past produ
performance, using st and@hauwlhrnf 2003mul ae f

Petroleum Reservoir/Pool reservoiris a subsurface accumulation of oil and/or gas whe
discovered or not, which is physically separated from other reservoirs and which hag
natural pressure systefoolis an older term for reservoir amg¢cumulations an alternative
term.

Petroleum FieldA field is an area consisting of a single reservoir or multiple reservoirs
and gas, all related to a single geological strecamd/or stratigraphic feature. Individy
reservoirs in a single field may be separated vertically by impervious strata or later
local geological barriers. When projected to the surface, the reservoirs within the fig
form an approximately cdiguous area that may be circumscribed. However, other so
define a field simply as a contiguous geographic area within which wells produce oll
In either case, the boundary of a field may shift over time and two or more individual
may mege into one larger fiel{Drew, 1997) Qil fields are classified on the basis of their
to gas ratio and may either be discovered (located by exploratory drilling),
development, producing or abam#éal. The number of wells in a producing field may ra
from one to thousands.

Petroleum Prospect prospect is a geological anomaly that has some positive probabi
containingreservoirsof recoverable hydrocarbon and is considered to be a suitabkt for
exploration. This generally requires a sufficiently high probability that all four elemer
petroleum formation, namely source rock, migration pathway, reservoir rock and viabl
are likely to exist (Box 2.3). The boundaries of a prosp®ay also be influenced by legal
economic considerations, such as the availability of leases for exploration.

Petroleum Play A play is an area for petroleum exploration, containing a collection @
prospects which share certain common geologittebutes and lie within some welkfined
geographic boundary. The specific geological attributes may vary from one play to 3
and may refer to geologic time intervals, rock types, structures or some combination {
Plays have varying level§o ex pl orati on maturity with

a region where no discoveries have been made.

Petroleum Basin A basin is a single area of subsidence which filled up with e
sedimentary or volcanic rocks and which is known or exgoetd contain hydrocarbon
Since subsidence is slow and filling is continuous, there may be little surface depressid
when the 6ébasind contains many kil omet
primary source of petroleum, as a resoiitorganic carbon getting progressively buri
heated and compressed.

Petroleum System A petr ol eum system i s fié.the
all genetically related hydrocarbons that occur in petroleum accumulations whose proy
is a single pod oMagoarcand Saacheg, A998 eeiroleunn systen
therefore includes the source roakigration pathwayreservoir rockandtrap (Box 2.3). The
components and timing relationships are typically displayed in a wulirtgeologic time
along the horizontal axis and the system elements along the vertical axis. The conc
first introduced by Dow(1972) and now forms the basis of the resource assessr
conducted by the USGS.

Petroleum Assessment UAibh assessment unit (AU) is a volume of rock within a petrolé
sysem that is sufficiently homogeneous, both in terms of geology, exploration consider
accessibility and risk to be examined using a particular resource assessment methodo
example, fields within a AU should form a sufficiently homogeneous|ptpn for historical
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http://www.fettes.com/orkney/Geology/Oil/OIL%20petroleum%20system.htm#migration#migration
http://www.fettes.com/orkney/Geology/Oil/OIL%20petroleum%20system.htm#reservoir#reservoir
http://www.fettes.com/orkney/Geology/Oil/OIL%20petroleum%20system.htm#trap#trap
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the latter may be broken down into several AUs.

1 Petroleum ProvinceA province is an area with common geological properties relevaj
single petroleum basin or petroleum system or several similar basins/systems. A p
typically has an area of several hundred square kilometres and is largest entity define

the USGS2000a)identifies 937provinces, 406 of which are known to contain petroleun
1995, 76 provinces were estimated to account for 95% of discovered resources.

extrapolation methods to be reliable. An AU may coincide with a single petroleum system, or

nt to

petroeum formation. Adjacent provinces might have the same original rocks, but be
considered separate because they have quite different histories. A province may contain a

rovince
d solely

on the basis of geological considerations that is relevant for resource assessment. Globally,

. In

SourcesEnergy Information Administratio(1990) Klett (2004} Magoonand Sanche@ 995)

Box2.3 The geological formation of petroleum resources

Most petroleum is formed from the remains of marine plankton and algae which settled alo
sediments to a sea or lake bottom to faemrce rockAfter burial, the combination dieat, pressur
and the absence of oxygen leads to chemical reactions which convert the hydrocarbons

kerogenwhich is found in variousil shalesaround the world and then into oil and natural gas.
term oil windowrefers to a temperature rangoelow which the hydrocarbons remain in the forn
kerogen and above which the oil is converted into gas. This temperature range is found at

depths throughout the world, but typically lies in the range of 4 to 6km.

The chemical reactions respsible for all formation involve expansion, which leads to the fractu
of rocks and migration of the oil to areas of lower pressure. The oil either escapes to the su
accumulates in porous and permeabkervoir rocksuch as sandstone and linmsethatarecapable
of storing theoil in its pore spaces. Higlality reservoir rocks have high permeability and porg
as a result of the pore space taking up a large percentage of the overall, wohilmdow quality
reservoir rocks have the opjites High permeability facilitates the movement of oil through the rg
to the producing well, thereby lowering costs and improving productiVitg.degree of porosity mg
vary throughout the reservoir, leading to isolated pockets of oil.

For oil and gaso accumulate and remain, the reservoir rocks need to be sealed by a less po
largely impermeable rock known agrap. To persist over millions of years, the trap needs relati
unaffected by geophysical changes that could introduce fractuypgal traps include anticlines
faults and salt domes.

Timing is crucial in oil formation. Firsthe reservoir must be deposited prior to oil migrating from
source rocksecondthe trap must be in place priorad migrating; and thirdthe source&ock must be
exposed to the appropriate temperature and pressure for a sufficiently long period of tim
combination of conditions iselatively rare, with the result that oil and gas is only found in a
sedimentary basins around the woldlich oi has escaped over geological time, although in s
areas (e.g. Alberta), heavy residues remain near the surface and can be mined.
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Estimates oJRRmay be derived for any of the levels of aggregation indicated in Box 2.2,
but different techniques (or commations of techniques) may be more or less suitable for

each. More aggregate estimates may be derived by summing estimates developed a
level, but such estimates need to be summed probabilistically (e.g. via a Monte

t a lower
Carlo

simulation) rather thanrighmetically and the frequent failure to do this can lead to
misleading result$Pike, 2006; Thompson, 2008)ggregate estimates may also be derived
by the extrapolation of discovery and production trends for the aggregate region. While this
approach is generally simpler ancgsHawer data requirements, it may also be less accurate.
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Whil e the highest 6geol ogical 6 | evel of ag
assessments are frequently conducted at the country or regional level. Such geographical
boundaries may encorags several distinct petroleum provinces, basins and/or systems, and
portions of these may extend into neighbouring countries or regions. The lack of geological
homogeneity within such boundaries can lead to difficulties in country/regional level
resourceassessment, especially when only aggregate data i¢Cisaxpentier, 2003)

At the same time, geological homogeneity is not the only consideration for pliexgeialid

resource estimates. If historical data on field discovery is to be used, the stability or
homogeneity of the exploration and discovery process must also be considered. For example,

a petroleum basin that is shared between two neighbouring iesuistrunlikely to have a

consistent exploration history. But even where a region is located within a single country or
jurisdiction, its exploration history can be greatly complicated by economic, political and
institutional factors, such as the legal gedures associated with leasing areas for
exploration. As Harbaugket al (1995)not e : Afét he orderl yanddevel c
prospects is an ideal that is seldom achieved in practice. Exploratory wells may not be part of
established plays, and even may be drilled with little or no geological information at locations
where there is no per cei yprapndtedevabof aggregationfor 6 He n
resource assessments is likely to vary from one region to another. The USGS concept of an
appropriateassessment urg designed to reflect these different considerations.

2.4 Cumulative discoveries and reserve growth

Cumuldive production Q) represents the total amount of oil that has been produced from a
region since production began, while reported reseRgsgpresent the estimated volume of
remaining resources at known fields. As indicated above, reserve estimatesrimally
categorised in accordance with the level of certainty associated with the estBogies/ed

(1P) reserves are estimated to have a 90% probability of profitable extractibeproved

and probable(2P) reserves are estimated to have onlg08c probability of profitable
extraction The sum of cumulative productioQq and reported reserveR) for a region at a
particular point in timet] may be referred to asimulative discovées (Dy).

D,=Q +R (2.1

The cumulative discoveries represent all the oil that is known to a given level of confidence
to have been discovered in that region. The appropriate interpretation of these estimates will
depend upon the particular definition of reserttest is being used (e.@®R'" * RF). For

example,cumulative 2P discoverigdD/") May be expected to be larger theumulative 1P

discoverieg D/”). While cumulative discoveries at a particular point in time cteldaken

as an estimate of the ultimately recoverable resoutdBE)(for that region, there are two
reasons why this is likely to be an underestimate:

1 New discoveries New fields will be discovered and subsequently brought into
production, thereby adding cumulative discoveries in a region. In terms of the PRMS
(Figure 2.1), this may be interpreted as the conversion of prospective resources into
reserves/production.

1 Reserve GrowthEstimates of cumulative discoveries frémmown fields will also tend to
increase as a result of improved recovery factors, the physical expansion of fields, the
discovery of new reservoirs within fields, the-eealuation of cumulative discovery

12
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estimates in the light of production experience, and other facfbrew and
Schuenemeyer, 1992; Gautiet al, 2005; Klett and Gautier, 2005; Klett and Schmoker,
2003; Morehouse, 1997 terms of the PRMS classification, this may be interpreted as
the exploitation of more uncertain reser¢2® and 3P) together with the conversion of
contingent resources into reserves/production.

The second process is generally referred teessrve growtto r 6 f i el d gr owt ho
growt hodo) . However swonibbeedcamobabit ea bai 16 o voerr
oul ti matgr aveiobedt e theyestimates BIRR of knownfields that are growing

rather than the reported reserves for those fields. As a result of reserve growth, the
cumulative discovery estimates for individual fields will typigahcrease over time. For

example, a study by Barkeet al. (2004) of 99 Canadian oilfields found that estimates of

field size (i.e.URR had grown by 97% since the fields were discovered. In turnptéans

that the cumulative discovery estimates for a region will also increase over time, even if no

new fields are foundAttansi and Root, 1994; Drew, 1997; Muller and Sturm, 2000; Odell,

1973a; Root and Mast, 1993erma, 2005)

Reserve growth has been most closely studied in the United States, where it accounted for
89% of the additions to US proved reserves over the period 1978 tdA®&@asi and Root,

1994) While reserve growth also occurs in the other regions of the world, the evidence base
is much thinnef.However, despite being systematically investigated more than 40 years ago
(Arrington, 1960) the phenomenon of reserve growth was relatively negldutéate the
1980s(Drew, 1997) An important stimulus to further investigation was te&ospective
examination of petroleum discovery forecasts for the US, which were found to have
systematically underestimated future discoveriPsew and Schuenemeyer, 199Zhe

chosen forecasting methodology relied upon estimates of the size of known tiefdddul

to adjust these estimates to allow for future reserve growth. Since these fields subsequently
doubled in size within less than 10 years, the volume of new discoveries was also
underestimated. The USGS World Petroleum Assessment 2000 was tteedystematically
incorporate reserve growth into a global assessment of petroleum resoaroesve which

has generated some controversy (see Section 6). Subsequent evaluation of this forecast
suggested that between 1995 and 2003, reserve growth exaemaéeld discoveries as a
source of global additions to (2P) reserve estimates by the ratio of three (idletheet al,

2005b)

Future reserve growth may be estimated by analysing the historical growth in the estimated
size of individual field§Root and Mast, 1993A growth function(G(¢) ) may be estimated,

representinghe ratio of the estimated size of a figldyears after it wa discoveretito the

estimated size of the field at the time of discovery. Typically, growth functions are assumed

to be independent of the time of discovery of the field. Both annual and cumulative growth
functions can be calculated and used to conwerent estimates of cumulative discoveries

into future estimates for a specified year, with the amount of growth depending upon the age
(and sometimes size) of the field. some cases, reserve growth functions are measured with
respect to the date of ftrgproduction from the field, rather than the date of discovery
(Thompsonetal,20090) Thi s i s because a discovered fi

8 Relevant references include Kl¢R005) Klett and Gautie(2005) Gautier and Klet{2005) Gautier et al (2005) Klett
and Schmokef2003) Klett and Verma2004) Verma(2000; 2003; 2005)Verma and Ulmishek2003) Verma et al.
(2004; 2001)Watkins(2002) Sem and Ellermaf1999)and Odell(1973b)
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prior to first production, with most of the development work that contributes to reserve
growth occurring after production has begun.

Figure 2.2 showsato examples of cumulative growth functions estimated for onshore US oil
fields: namely the O0OModified (R00%and antearlierd f un
function developed by Attanasi and Ro(it994) (which was subsequently found to have
overestimated reserve growth). Note that the rate of growth is largest in the first ten years
after discovery and that the current cumulative discovery estimates fypga8ld fields

(based upon 1P reserves) are neadyen times larger than those made at the date of
discovery- and are still growing. While we would expect the annual additions to cumulative
discovery estimates to decline over time as more of the uncertain/contingent resources are
converted into provedeserves or cumulative production (i®:(z)- 0 ast¢ - =), thisis

not evident from the estimated function. The onshore United States contained fields of widely
different ages and Verm@005) estimates the average growth rate of these fields to be
2. 7%year.

Figure 2.2 lllustration of cumulative reserve growth
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Reserve growth may partly be a consequence of conservative reserve reporting. For example,
Laherrere(1999a)has argued that thieulk of US reserve growth can be attributedthe
reporting of onlyproved(1P)reservesinder SEC rules. This is acknowledge be a highly
conservative estimate of future product{@mompson, 2008)As Drew(1997)observes:

nééAsk a manager in an oil company what t he
that it depends on who is asking. The manager will also tell you that three sets of books are
kept- one that has the optimistic estimates that are tesedll deals to upper management

and the stockholders and to give the geologists are good measure for what they have found;
another has the conservative estimates that the accountants used to borrow money from the
banks; and a third set has the middlingmiers calculated by the engineers for internal use

in the @EOEEeWMA®HY . O

These numbers may be very roughly interpreted as 3P 1P and 2P reserves estimates

respectively. However, Drew (1997) argueattthe phenomenon of reserve growth is not
confined to cumulative discovery estimates based on 1P reserves:

14
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AéThe irony of this summation i s -théyalt al |
grow with the@DBOead®lge of time. o

We would expect, nevertheless, that reserve growth would be smaller for cumulative
discovery estimates based upon 2P reserves than for those based upon 1P reserves since the
former are less conservative. Indeed, udimg probabilistic interpretation of 2P reserves
(Thompson, 2008we would expect cumulative discovery estimates based upon 2P estimates
to be downgaded as frequently as they are upgraded. However, analysidebyand
Schmoker(2003) suggests that this is not the case. Klett and Schmoker analysed the reserve
growth of 186 giant oil fields located outside of the US and Canada using data from
successive editions of the IHS datab@skett, 2005) The cumulative discovery estimates
reported in this database represent the sum of cumulative production and 2P reserve
estimates. In contrast, the cumulative discovery estimates reported forldsSafiel used by

Verma (2005) and others to develop cumulative growth functions represent the sum of
cumulative production and 1P reserve estimates. But despitenipistant difference, the
percentage reserve growth observed in the giant fields between 1981 and 1995 was very close
to that predicted from growth functions estimated from US fields. The applicability of these
growth functions was further reinforced by Klett ald6 $2005a)evaluation of the USGS

World Petroleum Assessment which showed that reserve growth over the pe®dol9

2003 was consistent with expectations.

Reserve growth is therefore of major importance for any method of estimating URR that
relies upon cumulative discovery data (Deor B), as well as for future projections of global

oil supply. Put simply, if @serve growth is underestimated or overlooked, estimatefRBf

will be too conservative and forecasts of future oil supply will be too pessir(hgiaring,
2006¢; e) But the estimation of future reserve growth is fraught with difficulties. At present,
relatively little is known about how patterns of reserve growth vary betweenediffgmpes

and sizes of field (e.g. onshore versus offshore) or between different regions. Similarly, little
is known about how those patterns are influenced by various institutional, economic and
technical factors. Since advances in seismic technology afilsources to be estimated more
accurately, it is possible thdRR estimates for newly discovered fields may not grow as
much as those for old fields. However, this has yet to be established with any confidence
empirically. Since the analysis of reserveowth is hampered by lack of data and
inconsistencies within the available datasets, the contribution of reserve growth to future oil
supply remains a topic of controver@rew, 1997) Reserve growth is disssed further in a
companion repor{Thompson et al, 2009b)and is a recurring theme in much of what
follows.

2.5 Field size distributions

Many methods of resource assessment rely upon assumptions absiaethstribution of
oi |l fields wi thin a regi on, where atelgi zed
recoverable resource from each field. Two fundamental observations are that:

1 Within any given region (e.g. play, basin, system) most of the oil tends to be found in a
small number of large fields.

91 Large fields tend to be discovered early in the epgtlon process, with subsequent
discoveries tending to be smaller and requiring increasingly greater effort to locate.
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These observations are borne out by empirical observations of exploration histories and the
size distribution of discovered fields avés of aggregation ranging from single plays to the
entire world. However, the precise form of the field (or reservoir) size distribution varies
from one region to anothétaherrére, 2000a3nd is a longstanding focus of controversy
(Drew, 1997; Kaufman, 2005)For example, Klemmég1984) has highlighted empirical
relationships between field size distributions and the morphology and size of petroleum
basins. Depending upon the type of basin, the estimated proportigiRRxtontained within

the five largest fields could vary from le$gh 10% to more than 75%.

The size distribution of the underlying population of fields cannot be directly observed, but
can only be inferred from the size distribution of discovered fields (however estimated). Arps
and Robert§1958)were one of the ffst to observe that the latter typically tookognormal

form - in other words, the frequency distribution of the natural log of discovered field sizes
resembled a normal distribution (Figure 2.3). Thedefield size therefore occurred in the
middle of his size range. This observation was subsequently supported by several empirical
studi es, i ncl (Le60)amlysis offéservcirsizesnind\V¥estern Canddaand
studies of US data sets by Kaufm@863)and Drew and Griffith§1965)

Figure 2.3 Oil and gas field size distribution for the Denver basin in 1958

60

Number of Fields Found

Estimated URR (kb)

Source Adapted fromArps and Robert§1958)andDrew (1997)

VHejt is probably safe to assume on the basis of the pres

group of oil deposits should form a unimodal, lognormal-izee qu e n c y (WMérasdam, L96ANDte that\destern

Canada is relatively unique in that reserves have historically been reported on a reservoir rather than a field basis. This
choice has some important implications. When reservoirs are used as the basis for assessdigruyene of a new

reservoir is counted as a new discovery, but where fields are used the discovery of new reservoirs in a field forms a
component of reserve growthilc Cr ossandés results suggest that skewmd size d
a field as to fields within a larger region.
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That oil and gas fields typically had a lognormal size distribution became established as
conventional wisdom during the 1960s and 1970s and subsequently formedishaf same
highly sophisticated O6discovery processod® mo
URR (Kaufman, 1975b) This was despite the difficulties in making statistical inferences

about the size distribution of the population of fields from a relatively small sampkddsf

that may not be representative of the population as a wBtdemfield, et al, 1979; Drew,

1997; Kaufman, 1993 hese difficulties had been anticipated by Arps and Rol9%3)

fitk.the Afrequency density distributiono stror
Gaussian probability curve. Not too mucigrificance should be attributed to its apparent
symmetry, because obviously the physical reasons for-higyd and lefhand slopes of this

curve are quite differenT.he diminishing number of fields with growing ultimates on the right

hand side of the ode are, as would be expected, the result of having fewer fields of larger

sized .The tapering off on the leftand side of the mode, however, must be largely caused by
economic factors.For instance, under 30,000 barred$ ultimate per well, it may be
guestionable whether an operator should run pipe at all, and many discoveries in this category
which were found will probably never completed and therefore escape the stat{#tiqss

and Roberts, 1958)

This sampling bias was rediscovered in the 1980s and giventhe nab e conomi ¢ t r ur
(Attanasi and Drew, 1984; Drew, 1997; Drest al, 1988) Schuenemeyer and Dregd983)
observedhat smaller fields tended to be underrepresented in the sample of discovered fields
because they were not economic to develop. However, as exploration proceeded, technology
improved, oil prices rose and/or costs fell, it became increasingly economindtarid

exploit the smaller fields. This process is demonstrated graphically in Figure 2.4 (A), which
shows the field size distribution for the Frio Standplain play in Texas as estimated in 1960,

1970 and 1985. The mode field size shifts progressivelyetdetth as more small fields are
discovered and developed. Importantly, the population of large fields remains largely
unchanged.

The same process is illustrated in the cumulative frequency distribution of Figure 2.4 (B).
Using log scales, this shows themmber of fields I{) in the play that exceed a particular size
(V) 7 sometimes referred to as the fialank As more small fields are discovered and
developed, the curvature of theNIfV)-InV plot is reduced. Similar inferences may be drawn
from crosssectonal studies that compare field size distributions in different regions, since
the costs of developing petroleum resourcasd hence the minimum viable field sizean

vary widely from one region to anothéDrew, et al, 1982b) These differences are
especially important when comparing onshore and offshore reg{@sw and
Schuenemeyer, 1993)
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Figure 2.4 Observed field size distribution for the F&irandplain play in Texas at three
different points in time

Source Cramer Barton and La Point#995)

Power(1992) has shown howthe apparentlyognormaldistribution of observed field sizes
may also arise from the second form of sampling bremmely, that the largest fields tend to

be discovered first. Power simulated the discovery processhéaredtical populations of
fields whose size distribution took a Weibull form. Importantly, the sampling process did not
impose any economic truncation. Power found that, as the number of exploratory wells
increased, the size distribution of discoverediBetvolved towards the parent frequency size
distribution. However, the size distribution of discovered fields could not be rejected as being
nortlognormal for a wide range of measures of exploratory effort (i.e. number of wells
drilled). He concluded thathe discovery sequence could compound the sampling bias
introduced by economic truncation, thereby potentially reinforcing the misleading conclusion
that the population size distribution took a lognormal form.

On the basis of these and similar observatioddrew and colleagues proposed that the
population field size distribution was more likely to take a power law form, as follows:
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