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Preface

This report has been produced by the UK Energy

and Policy Assessment (TPA) function.

The TPA was set up to address key controversies in the energy field through
comprehensive assessments of t he 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 TPAGS a sfar enea Aterm t of

physical 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 governmen t, 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 6 wild.l be constrained by
20307
The results of the pr oject 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 ultimately recoverable resources
Methods for forecasting future oil supply

N o g s e

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 Technology 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
500 studies and reports from around the world.

Technical Report 3: The nature and importance of reserve growth examines the
reasons why estimates of the size of oil fields tend to grow over time and the

extent to which this may be expected to continue in the future. It looks at the
causes of this phenomenon, the relative importance of these different causes, the

methods available for forecasting future reserve growth and the validity of the
assumptions used about reserve growth in an authoritative study of global oil
resources. It concludes that reserve growth is of crucial importance for future

global oil supply and is not primarily the result of conservative reporting.
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Executive Summary

The term eserve growthrefers to theincrease in the estimateof ultimately
recoverable resources (URR)f known fields over time.Reserve growth has
contributed significantly more to reserve addisadhan new discoveries over the past
decade and is expected to continue to do so in the future. But déspiteucial
importance of reserve growtlior future global oil supply, it remains both
controversial and poorly understood.

There is a great dealf work to be done before reliable estimatéguture reserve
growth can be madeThis entails both the collation of adequate and relifible-
level data from which to extrapolate future reserve growth, and updatidgefining
the very rough and pretfiinary forecast made by the W&eological Survey (USGS)
which remains the most comprehensive stiadgate.

dJnpackingthe definition of reserve growth down to its constituent elements reveals
that there are a number of definitional issues still to émolved, in particular
regarding the definition of reserves themselves and what categories of oil should be
included.For the purposes of estimating reserve growth, it must be clearly defined
what categories of oil are considered as their growth chastatsnnay be different.

The data on which estimate$ reserve growth are currently maseboth thin and
frequently unreliableAdequate fieldevel data is only publicly available for a small
number of regions around the world (notably the US) andlikereed reserve growth

in these regions may not be representative of that in other regions. Glob&\edld

data is only available from a small number of sources and these rely upon reserve
estimates that are frequently not subject to tpeidy audithg. Owing to its expense,

this data is inaccessible to most analysts, although regional data is available at more
moderate cost. The latter allow reserve growth to be estimate at the regional level, but
the same is not possible using public domain sousces as the BP Statistical
Review.

Geological, technological and definitional factors all contribute to reserve growth:
Improvements in geological knowledge result in an increase in the volume of oil
known to exist. Technological factors may increase d@heunt of oil that it is
possible to extract but do not change the known belmund conditions.
Definitional factors change neither the amount in place nor the amount extracted, and
therefore definitional confusion and changes should be avoided asgall ¢

The relative contribution of different factors to reserve growth remains uncertain
owing to both insufficient study and inadequate data. It may also be expected to vary
between regions and over time. But significant reserve growth is observed in
cumuative discovery estimates based upon 2P reserves in many regions of the world.
Also, numerous studies document the importance of technological and geological
factors in contributing to reserve growth. These sources may therefore be expected to
make a majocontribution to future global oil supply.

The rate of eserve growtlappears to varwidely between different types of fields

and could change significantly in the future: Reserve growth appears to be greater for
larger, older an@nshore fields, so agobal production shifts towards newer, smaller
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and offshore fields the rate of reserve growth may decrease in both percentage and
absolute terms. At the same time, higher oil prices may stimulate the more widespread
use of EOR techniques that have theeptal to substantially increase global
reserves. The suitability of such techniques for different sizes and types of field and
the rate at which they may be applied remain key areas of uncertainty.

The USGS reserve growth forecast is the best availablenmary studyHowever,

the authors of the report themselves state that the USGS forecast is not meant to be
anything other than a rough estimate using inadequate data and some sweeping
assumptionsOn the evidence of reserve growth data since its gatidn, the USGS
forecast appears to be performing wé&his does not validate the assumptions but it
does give some confidence in at least the sieom future predictions.

Although every effort is made by the USGS authors to assess uncertainty of the
results, the final statement in terms of F5 and F95 fractiles is not only inconsistent
with reserve definition standards, but also meaningless when results are quoted in
other publications unless the assumed triangular probability distribution is also
spedfied. This report recommends the calculation of a mean (equivalent by the
assumptions in the report to the F50) and standard deviation from the given figures.
This is a considerably more intuitive presentation and, being simpler, more likely to
be retaind when results are quoted out of context.

If longerterm forecasts are to be made, better data will be reqdinedmethodology

of the USGS appears to be sound, but the data on which it is based are not leliable.
better data were available, specifigalield-level 2P or mean estimate data for a
world-wide sample of major producing countries, it would be possible to estimate
reservegrowth functions more accurately and thus impregionalas well agylobal
reserve growth estimates.

UK Energy Research Centre UKERC/WP/TPA/2009/018



1 Introduction

Degite continually rising production, and declining discovery since 196xId
proved oil reserves are at their highest ever leFejufe 1.1) and are forecast to
continue to rise at least in the short tgfi®A, 2008) This is largely a result of the
phenomenon of soal | ed reserve growth, whi ch
observed increase in recoverable resources in previously discovered fields through
t i mElétt and Schmoker, 2003Reserve growth is perhaps a misleading term,
since what is observed toayy is not the declared reserves of those field, but the
estimates of the ultimately recoverable resources (URR) from those(Aetdsgton,

1960) This represents the sum of declared reserves at a particular point in time and
the cumulative production up to that time. Reserve gréeals to an increase in the

estimates of URR for an egiroducing region, without any new fields being
discovered.

While the magnitude and rate of reserve growth is of critical importance for future
global oil production, the topic remains both highlgntroversial and poorly
understood. The aim of this report is to summarise the current state of observation and
modelling of reserve growth and to highlight some relevant implications.

Figure 1.1: Global proved oil reserves, 198@007.
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Source IEA (2008) Figure 9.3.

Reserve growth may result from a number of factors including initial underestimation
of oil in place, discovery of related dlkearing formdons at the same site,
improvemernd in production technologgr revisions to publicly declared estimates of
recoverable reservesThe relative importance of these different factors may be
expected to vary from one field to another and over time.

To exanine thenature andnagnitude of reserve growth, it is necessary to obtain time
series data on the production and reserves of individual fields. Unfortunate, this data
is only available in the public domain for a limited number of regions around the
world - notably theUS, the UK and Norway. Most other countries restrict access to
field-level data in full or in partMoreover, even for those countries where data are
available, there are definitional issues regarding wisat be counted as reserve
growth. Historical data on reserve growtiwhere availablecanbe used to predict
future reserve growtbut the experience in one region may not necessarily provide a
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good guide to reserve growth in another regleorecasting future reserve growth is
important however, since it isanticipated to make a major contribution to future
global oil production.

The structure of the report is as followSection 2 definesreserve growthand

examines the factors that contribute tonhile Secton 3 looks at the availability and

reliability of data relevant to estimating reserve growdlection4 examines the

devel opment of 6gr owt h f ureserveigmwtis @d f or f o
investigates how reserve growth varies between different sizes and types af fields
Section5 takes a closer look at thmethodology used by the US Geological Survey

(USGS for forecasting reserve growth at the global levadl conpares the observed

reserve growth since 1995 with the USGS forecasts. Section 7 concludes.
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2 Nature and source of reserves growth

2.1 Defining reserve growth
Reserve growth is defined by the US Geological Survey (USGS) as:

fiThe increases in known (recoverghpetroleum volume that commonly occur as oil
and gas fields are developed and produced. The terms reserve growth and field growth
are used interchangeably. o

Th eknodvn recoverable petroleum volutnedefimed as

AiThe sum of C U mu |l aemaining regourcesdsoroetines palled n d  r
ultimately recoverable resources, or UBR.

&Knowndi s a rather misleading term, since we
recoverable volume exists until it has all been extracted; it would better be termed
Oesnmat ed?o. To refl ect t hi s, t he sum of cu

recoverable resources is sometimes referred taumsulative discoveriesThis
represents amstimateof the ultimately recoverable resources (URR) at a particular
point in time.The actual URR of the field will only be known when production has
ceased.Reserve growth therefore refers to the increase in the estimated URR of
known fields over time

Cumulative production is generally known fairly accurately, but remaining resources
must be estimated and hence will depend upon the particular geological, technical and
economic assumptions that are ugltiA, 2008) As described in Thompsaet al.

(2009) the estimate of remaining resources will vary according to the level of
confidence thais assumed, with a distinction commonly being made between: proved
(1P) reserves; proved and probable (2P) reserves; and proved, probable and possible
(3P) reserves. Estimates of remaining resolircasd hence cumulative discoveries

may be based upomw of these definitions, with the less certain estimates being
larger.

R e c o v e meatsIthatdhe oil is both technically feasible and economically viable

to extract. Estimates of recoverable reserves are therefore dependent on assumptions
about technagy and economic8EA, 2008; SPE, 2007)For example, it may not be
physically possible to extract oil from reservoirs founderrakep water until drilling
technology for that depth of water becomes available. Alternatively, there may be a
large technically recoverable reserve, but due to the high costs of extraction it may
only be economically recoverable when the oil price edseg certain threshold
(which will depend upon the structure, location and characteristics of the field).

The multiple factors that contribute to reserve growth can be grouped under three
headings, namelygeological technological and definitional (Klett and Verma,
2004b) The relative contribution of each of these factors will necessarily depend on
the characteristics of the fieldn question; for example, geologically well
characterised fields are unlikely to yield new reserves by further exploration but are
more likely to be suitable for application of new technology. Definitional factors are
likely to be more important in natisrwhere the operating environment is less stable.
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2.2 Geological factors

Geological factorgepresent an increase in the estimateorgjinal oil in place

(OOIP) for a reservaoir, field or region as a result of improved geological knowledge.
For example, newperhaps deepereservoirs or extensions to previous reservoirs
may be discovered or a better understanding of the volume, shape and characteristics
of reservoirs may be obtained through the use of seismic and other techiligres.

may be inconsistent asification insome circumstancesdepending in paron the

order in which the reservoirs are discove(@ttanasi and Coburn, 20Q4n some
casessmaller fields that were previously classified as sepamatg bemerged into

larger felds as explation proceedsHgure 2.1). Inconsistencies such as these can
greatly complicate the analysis and interpretation of the rel¢vasseriesdata.

Figure 2.1: lllustr ation of the difficulty of judging what represents a single field.
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2.3 Technological factors

Technological factorsepresent those activities which increasedasiematedecovery
factor, or the proportion of the OOIP that is both technically possible and
economically viable to recoverThis can resultfrom better characterisation of
reservoirs and optimised drilling as well as from the application of improved recovery
technologies.Recovery factors carbe as high as80% for high permeability
reservoirs, though the estimated global average is around1B4962008)*

It is common to distinguish betweenmary recoverywhere oil is recovered under its

own pressure; ansecondary recovenyhere active pumping or water/gas injection is
employed to increase reservoir ggares and the flow of oil tthe surface.Some

fields, notably offshore ones where production costs are higher, may begin production
with secondary recovery. After thisnhanced oirecovery(EOR) techniques may
sometimeshe employed to boost productigBox 2.1). These include: injection of

! The recovery factor is the ratio of the estimated URR to the estimated OOIP. Estimates of regiorstaind gl
average recovery factors should be treated with considerable cA&#gr2005) For examplelLaherrére(2006)
uses IHS data to estimate a global average recovery factor of only 27%.
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supercritical carbon dioxide (GI) thermal heating of the reservoir to reduce
hydrocarbon viscosityinjection of polymers or foams which have a greater viscosity
and thusmprovedisplacemat efficiency use of microbes which produce surfactants

to improve flow and advanced well designs to increase contact between the injected
fluid and oil. Thesuitability of these techniques variesth the type accessibilityand
characteristicef thereservoir Subsurface injection of G{s one of the most widely

used techniques, but has previously been limited by the lack of natural sources of
CO,. However, this method could gain more widespread use in the future with the
CO, being obtained from carbacapture and storage (CCS) technology,

Extensive use dEORin the US has led tocecoveryfactors that are 2 higher than

the global average and there is considerable scopeh&mgpplication of these
technologiesn other regions of the world. In pripde, each percentage increase in
the global average recovery factoould add some 80 Gb to global reserves,
equivalent to nearlyhree years of current productiofhe IEA (2008)estimates that

the gldoal average recovery factor could tmsed as high aS0% however, this
coudt ake Omuch more than two decadesod6 to
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Box 2.1.Enhanced oil recovery techniques

There are three broad groups of EOR teghes:

1 Thermal methods introduce heat, typically in the form of steam to reduce viscosity
partially o6cracké heavy oil and/ or i nc
heavy oil but their use has declined since the b980s.

1 Gaseousnethods ifect carbon dioxide, nitrogen or other gases at high pressure to reduge

viscosity, achieve Omiscibilityd (a hom
and mobilise a larger proportion of the oil. £i@jection is the fastest growing form of
EOR andis very effective for light oil. While many applications use natural sources of
CO,, future projects may be linked to carbon capture and storage (CCS) technologies.

rease

ogene

1 Chemicalmet hods i nject wvarious compounds tp redu

oil and injected water. These are not widely used and tend to be complicatef,

unpredictable, costly and sensitive to reservoir characteristics.

The IEA (2008) use the example of the Weyburn field inn@da(see below)o illustrate
what can be achieved with EQRn this case with additional vertical and horizontal drilling
followed by CQ injection. Butit is not clear how widely this example can be reproduced.

g 509 M CO; injection
g M Infill - horizontal wells
E Infil - vertical wells
0
E 30 - M Original vertical wells
3
=

20

10 -

04

1950 1960 1970 1980  19%0 2000 2010 2020 2030

Source IEA (2008) NPC(2007) Sandrea and Sandr&007)

2.4 Definitional factors
Definitional factorscomprise a mix of definitional, legal, economic anditjpall

influences which influence reserve estimates but are independent of either the OOIP

or our technical capability to extract iThe publicly declaredreserve estimatesn
which the analysis of reserve growth is generally basaygbe very differentfrom
the estimates used internally within a company

fié . Ask a manager in an oil company what the reserves are and he or she will tell you
that it depends on who is asking. The manager will also tell you that three sets of books
are kept- one that has th optimistic estimates that are used to sell 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 baskand a third set has the middling numbers calculated by

the engineers for | (Dtew, 1998 | use in the comparl
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Of particular importance arehanges in reserve classification schemes, such as
occured in Russia in the 1990s and are currently underway in th@'ki§ includes

the practice of excluding reserves at discovered fields that have yet to receive
production sanction. fere may also be an implicit shift in definitions over tiasea

result of changes in personnel, operators amagorting culturs. Since all reserve
definitions require assessment of economic viability, changes in technology, oil prices
and other economic conditions may also affect the volume of declared reserves.

A good exampleo f a definitional change S Royal
downgrade theideclaredproved resenin 2004. This is not a decision the company

would have taken lightly, as it caused an immediate fall in the share price and the
subsequent resignation wérious senior executives. Such a large revision serves to

highlight the uncertainty in reserves figures as well as their extreme sensitivity.

The amount of reserve growtshould depend upon the particular definition of
reserves on which the cumulativesclivery estimates are based (e.g. 1P or 2P).
Reserve growth may be particularly high for cumulative discovery estimates based
upon 1P reserves since theaee highly conservative estimatdlat typically
underestimate theremaining recoverable resourcefor example, under the
probabilistic interpretation of 1P reserves, there should be a 90% probability of the
recoverable resources exceeding the 1P figlihempson et al, 2009)? Hence, as
production proceeds and 1P reserve estimates are revised, we would expect
cumulative 1P discoveries to increase. This will appear as reserve growth in the
publicly declared figures, but may have nothing to do with eittiginges in
geological knowledge or improvements in technol@@gntley, et al, 2007)

In contrast reserve growthshould be smaller for cumulative discovery estimates

based upon 2P resesmince under the probabilistic interpretation, there shaulty

be a50% probability of the reoverable resources exceeding e figure® Hence,

we would expect cumulativeP discovery estimates to be downgraded as frequently

as they a upgradedHowever, analysisuggests thatis is generallynot the case

With respect to 1P, 2P and 3P reseestimates Dre1997)n ot es t hat : Aét he
eé.is that all three 4 ¢eysall goofvwiththenfsassage ar e p
of t(Drene 1997)

As an illustration,Figure 2.2 shows thechange in cumulative discovery estimates for
large fields in the UK Continental Shelf (UKCS). These estimates were published by
the UK government and we take them toblasedupon2P reservesFor these fields,

the mean estimate of cumulative discoveries increased by approximately 50% over 27
years, while none of the estimates decreased in size. However, smaller fields in the
UKCS gew by only 20% over this period while maniglfls discovered since 1980
have shown a reserve decredsgire2.3).

2 Furthermore, the inappropriate aggregation of 1P reserve estimates may make regional and global estimates more
conservative stil(Pike, 20®; Thompsonet al, 2009)
3 Also, the aggregation of 2P estimates is much less likely to lead t(Piilkes 2006; Thompsgret al, 2009)
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Figure 2.2: Reserve growth in oil fields larger than 0.5 Gb in the UKCS
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Note Horizontal axis represents years after first production. Vertical axis is cumulative discoveries for
each field, expressed as a percentage of the initial declared reserves. Heavy black lines are the simple
arithmetic means of percentsgy unweighted by volumeThis data series is no longer published by
BERR, in part because of inconsistencies in reporting between different operators.

Figure 2.3: Reserve growth in oil fields smaller than & Gb in the UKCS
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3 Data for the study of reserve growth

To model reerve growth accurately, it is necessary to obtain successive yearly
estimates of the reserves and production of individual fields. Since the changes in size
of individual fields are extremely variable, it is necessaryuse a statistically
significant saple of fields from a relatively homogeneous populatidmfortunately,

such datas only available for a limited number of regions around the world.

The US Energyinformation Administration(EIA) has collecteddata on US fields
since 1977 The Oil and Gas Fieldintegrated Field=ile containsannual estimates of
1Preservs, annual productioandcumulative productiomor all the oil and gadields
in the US.In addition, the Minerals Management Servi¢gflMS) maintains a
comprehensive database of offshdiedds in the Gulf of Mexico, whileNehring
Associatesmaintain a database df 6 0 B@nifiéand Oil and Gas Fields of the
United Stategi.e. fields with an estimated URR > 0.5 mbo@)l of these usdP
reserve datareported underules established by the Securities and Exchange
Commission (SEC)The UK Department for Energy and Climate Change &l
Norwegian Petroleum Directorateaintaincomparabledatabase$or offshore fields
in their countries,but these include estimates @P reserves Since thereserve
estimates that underlie these datairces are subject to verificatioby third parties
theyshouldbereliable.

Globally comprehensive databases on individual fields are awdylable from a
limited number of sourceand these aréoth extremely expensive to obtain and
subject to strict confidentiality requirements. addition, since most of the reserve
estimates that underlie these sourcesnatesubject to thireparty verfication, they
are necessarily less reliabBoth IHS Energyand Wood McKenzie maintaiglobal
databasgof 2P reserves at the field levahd the former is available under contract.
A comparable database is maintd byEnergyfilesin the UK, butits coverage is not
as extensive as that of IHS and the data is not available to purdihghese
databases are updated each year, but fodetesledanalysis of reserve gwth it is
necessary to obtaiannual editions of these databases over a number of yéhes.
general opinion appears to be that IHS Energy have the most complete tandiatg
datase(Bentley, et al, 2007) Thiscompanyis theprimarysource of the data used by
the US Geological Suey (USGS)to produce their estimates of future reserve growth
at the global level (se8ection5) and their data is also used by the IEX their
annual World Energy Outlook

Reserve growth can also be analysed using relgmnaountrylevel data, butonly if
reserve additions through new discoveries can be separated from the growth of
existing fields.Unfortunately, thecountrylevel data available from public domain
sources such as the BP Statistical Reviewsnot allow this distinction to be made.
However, countrylevel data is also available from IHS Energy (for ~£4k/year,
subject to confidentiality requirementapd thisdoesallow reserve growth tde
separately identifiedThe difference is that the public domain alaources record
reserve revisions in the year in which they are made and make no adjustment to the
data for earlier yeardn contrast|HS Energybackdats the revisions to the year in
which the relevant fields were discoverddgure 3.1 illustrates the corresponding
effect on the time series of cumulative discoveries.
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The logic of thed B Bpproachi s t hat the reserves did not
production until the estimate was revised and therefore should only appieatiate

of the revision. The logic of thé | lagproachis that the reserves are contained in a

field that was discovered many years earlier, so backdating provides a more accurate
indication of what was Oact ualultimalydfeound at
recovered from that field. Both of these approaches have their nadtiitsugh the

difference between them is not always appreciated. But an adduaidveahtage of the

IHS approachs thatit allowsthe aggregate reserve growth in a regmbe estimated

by comparing the backdated cumulative discovery estintatesined in the current

edition of the database with those contained within earlier editiigarg 3.2). This

is not possible with public domain soursesh as the BP Statistical Review.

Figure 3.1 Current versus backdated estimates of cumulative discoveriés
treatment of reserve revisions

Current estimates of cumulative discoveries

Backdated estimates of cumulative discoveries

Year of Year of
field discovery reserve revision

Time

Note With current estimates, rewe revisions increase the cumulative discovery estimates in the
current year. With backdated estimates, these revisions are backdated to the year in which the relevant
field was discovered and hence increase the cumulative discovery estimates fenathing years.

The treatment of newly discovered fields is the same in both cases.
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Figure 3.2 Backdated estimates of cumulative discoveridseffect of reserve
growth

Cumulative
discoveries

Cumulative discoveries
Year X+ N

Reserve growth
at existing fields
between X and

X+N
—
Cumulative discoveries
Year X New discoveries between
X and X+N

Time

A secad key difference between the public domain data sources and the IHS Energy
database is that former provide 1P reserve estimates while the latter provides 2P
estimates. In principle, 2P reserves should be greater than 1P reserves, since they
represent estiates of resources with a lower level of confidence. But at the global
level, the BP estimate of 1P reserves is approximately the same as the IHS estimate of
2P reserves(IEA, 2008) This suggests thaeither that the P reserves are
overestimatedr that the 2P reserves are underestimatdmore likely a mixture of

the two. While BP and others rely heavily upon data supplied by national
governments, IHS Energy derives its information from a wider range of sourties, wi
more attempts to verify its accuracy. Also, the discrepancies between the public and
industry data sources vary widely from one region to another, being the largest for oil
producers in the Middle East where in some cases the 1P estimates are actually
greater than the 2P estima{@sentley, et al, 2007) Since theseountriesaccount for

the bulk of the world reserves, they contribute to a corresponding uncertainty in the
global estimates.

Estimates of regional and global reserve groaththerefore greatly constrained by
the avaidbility and accuracy othe requireddata. A detailed analysis of reserve
growth requires access to tirseries data on individual fields, but thisudikely to

be available to most analysts for most regions of the wadtimatesof reserve
growth at he country and regional levelay be derived from data supplied by IHS
Energy,but this requires access to the databases from successiveigearbject to
strict confidentiality requirements andgrovides no information on how reserve
growth varies betwen different sizes, types and ages of fidli$o, this datarelates to
geographical boundaries that do not correspond to geological boundaritdse
observed reserve growth will derive fraarheterogeneous population of fields with
different geologicabnd operating characteristiddone of the above data sources are
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wholly reliable and the uncertaintiesire greatestwhere they matter most namely,
for those countries that hold the majority of the world's reserves.
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4 Analysis and forecasting of reserve growth

4.1 Growth functions

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 to
1990 (Attanasi and Root, 1994)While reserve growth also occurs in other regions of
the world, the evidence base is much thinsiece the data is poor@rBut despite

being systematically investigated more than 40 years/Agogton, 1960) reserve
growth was relatively neglectedefore the 1980s(Drew, 1997 An important
stimulus to further investigation wathe retrospective examination of discovery
forecasts for the UDrew and Schuenemeyer, 1992he forecasting methodology
relied upon estimates of the size of known fields but failed to adjust these to allow for
future reserve growth. Since these fields subestly doubled in size within less than

ten years, the volume of new discoveries was greatly underestinfdtedJSGS
World Petroleum Assessment 2000SGS, 2000)was the first to systematically
incorporate reserve growth et global assessment of petroleum resoura@sove

which has generatezbnsiderableontroversyLaherrere, 2001)

Future reserve growth can be estimated through the creatioasefve growth
functions based upon the measured growth of a statistically significant sample of
fields (Root and Mast, 1993Both annual and cumulative growth functions can be
calculated and used to convert current estimates of cumulative discoveries into future
estimates for a specified year, with the amount of growth depending sptahytiie
@ageof the field Field age serves as a measure of the development effort (e.g. infill
drilling, improved recovery, pressure maintenance etc.) that contributes to reserve
growth (Schmoker et al, 2000)

Figure4.1 shows two growth functions estimated for onshore US oil figAdgnasi

and Root, 1994; Verma, 2005) Bot h show rapid growth
following discovery and although growth subsequently slows, it is still continuing
some 80 years later. Such findings are typical for US 1P dataxéonple, Lorget

al. (1996) found that the estimated size of offshore fields in the Gulf of Mexico
doubled within six years of discovery and quadrupled within 40 years, while a later
study by Attanasf2000)suggested an eigiwld growth in 50 years.

* Relevant references include Vertf2003; 2005) Schmoke(2000) Nehring(1984) Attanasi andRoot (1994)
Root and Masf1993) Schuenemeyer and Drgi994)and Klett(2005)

5 Relevant references include KlgR005) Klett and Gautief2005) Gautier and Klet{2005) Gautier et al
(2005) Klett and Schmokef2003) Klett and Vermga2004a) Verma(2000; 2003; 2005)Verma and Ulmishek
(2003) Verma et al.(2004; 2001) Watkins(2002) Sem and Ellerma¢l999)and Odell(1973)

® Exceptions in this intervening period included the work of Hub{967) Arps et al. (1970) Marsh(1971)
Pelto(1973)and severaCanadian studig®©GCB, 1970)
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Figure 4.1 Cumulative reserve growth functions for US 1P data
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While many US studies estimate growth functions from the dafield discovery

(e.g. Attanasi, 2000)much of the developmé work that contributes to reserve
growth occurs after production has commentaghich may be several years later
(Klett, 2005) Hence, several authors estimate growth functions from theotifitet
production(Forbes and Zampelli, 2009; Sem and Ellerman, 1999; Watkins, .2002)
Both approaches use age as the sole explanatory variable for reserve growth and
hence neglect timearying factors such as oil prices which could change the rate of
growth by modifyng the incentives for development drilling. The importance of
economic factors was demonstrated by Forbes and Zan{p@0B) who found a

strong positive correlation between gas prices and reserve growth the Gulf of Mexico,
together with a negative correlation between operating costs (as measured by water
depth)and reserve growth.

Figure 4.2 shows forecastsf future reserve growtfor the US according teight
differentreservegrowth functiongKlett, 2003) Thefunctions vary accordingtthe
dataset from whichtheyare estimated@ndthe method used. Eattas been applied to
a 1996 dataset from the EtA estimate future reserve growththe USover a 30 and
80 year periodThe details of the calculations are technical but the sprefadecasts
is significant. The MMS (Federal Offshore) forecast (in blackpissiderablysmaller
than the others becaugeapplies much smaller multipliers to older fields and assumes
that fields older than 50 years will no longer experience reserve Qrowe
Arrington and Mean of Lower 4Brecastsare muchlargerbecause the dataset from
which they were derived showed very significant reserve growth inveoyhold and
very young fields.

This demonstrates that there is considerable disparity ires&ve growtHunctions

despite the use of comparable and overlapping data sets that all use the same (SEC)
standard for reserve reportinghe variability in reserve growth for other regions of

the world may be expecteshay to be correspondingly largéalthough this will

depend in part upon whether 1P or 2P reserve estimates ajeWseth combined

with the comparative lack of data for these regions and the possibility that future
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growth patterns will depart from those experienced in the past, thiesme@drmous
uncertainty in forecasting future reserve growth at the regional and global level.

Figure 4.2: Comparison of forecasts of future US reserve growth forecasts using
different reserve growth functions.
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4.2 Variations in reserve growth between types and sizes of
field

Reserve growth may be expected to vary between

1 different sizes of field (e.g. large fields may offer moopportunities for
additional drilling and enhancedcoverytechnologies

1 different agesf field (e.g. the OOIP fomore recently discovered fields may be
estimated to a greater level of accurasing modern seismic techniqies

1 differenttypes of fied (e.g. opportunities for improved recovery may vary with
the depth, temperature and pressiréhe reservoirs and the density of the oil);

1 different owners of fields (e.garger companies may have more money to invest
thansmaller companies); and

9 different regions (e.g. reserve reporting standards may vary widely from one
region to another together with the economic incentives for expanding
productior).

Unfortunately, the lack of goodquality data on individual fieldshas prevented a
systematic examation of such factors. Howevesome useful pointers can be
obtained from the existing literature.

First, reserve growth varies widely between fields within the same region. For
example, an analysis of 934 fields in the Gulf of Mexico found that apprtedyna

half grew over the period 1975 to 2002, one fifth shrank and the rest showed no
significant changdGrace, 2007)Attansi and Roof1994)f ound t hat 6l ow ¢
(notably heavy oil) fields grew fivimes more than conventional fields, while a study

UK Energy Research Centre UKERC/WP/TPA/2009/018



1€

of 300 US fields showed that significant reserve growth was largely confined to fields
with solution gas drive, heavy oils and low permeability in which techniques such as
steam injection, hydraulic fraging and CO, injection had been employed
(Tennyson, 2002)This disparity makes the use of regional or global average growth
functions problematic. Nevertheless, while the reserve growth for a particular field
may be either positive or negative, the cumulative result for large groups of fields i
invariably positive.

Second, reserve growth also varies significantly from one region to another, even
when they are geologically similar. For example, studies show significantly greater
reserve growth in Norwegian offshore fields than in either UBamish fields(Klett

and Gautier, 2005; Sem and Ellerman, 1999; Watkins, 200&sible explanations

for this include differences in field development practices, reserve definitions,
reporting practices, treatment of NGLs and economic and regulatory conditions.
Similarly, Verma and Ulmishek2003)found that lack of investment contributed to
West Siberian fields growing much slower than US fields of the same size.

Third, the source and extent of reserve growth varies oediféhof a field. It seems
likely that early stage reserve growth is more influenced by growtheirestimated
OOIP while later stage growth is more influenced by changes in recovery factors
(Beliveau and Baker, 2003§rowth is frequently very rapid immediately after field
discovery reflecting continuing delineation of theservoirs, but once production is
well-established growth derives more from implementation of EOR, optimisation of
well spacing and improved understanding of reservoir character{Mtersna and
Ulmishek, 2003)

Fourth, large fields grow more than small fields (Begure2.2 andFigure2.3). For
example, Verma and Ulmishef003) found that Siberian fields with a URR
exceeding 1 Gb doubled in size in 19 years, while smaller fields increased by only
19% over the same period. The average for all fields was a 95% increase, since larger
fields dominate total reserve additions. Similarly, Gré2@07) found that growing

fields contained 80% of the discovered hydrocarbons in the Gulf of Mexico and were
on average six times larger than fields that shrank. One possiblea&xphais that
smaller fields are more completely explored before the confirmation of reserves,
leaving less scope for growth in the estimated OOIP. But Grace also found that the
dominant mechanism of reserve growth was the discovery of new reservoibsisvhic
more likely to occur in large fieldsThese results suggest that reserve growth may
decline in the future (in both absolute and percentage terms) as the average size of
new discoveries declines. However, other studies have found no statistically
signficant correlation between field size and reserve grofFtbrbes and Zampelli,

2009; Klett and Gautier, 2003)

Finally, some evidence suggests that onshore fielag growby more than offshore
fields (Watkins, 2002)and that older fieldsmay grow by a greater proportiothan
more recent discoveries. For example, Forbes and Zani@@@P)find a shift to a

| ower Oreserve growth regimebé in the Gul

widespread use of-B seismic techniques that allowed more accurate estimation of a
f i el dAgain, thése results suggest that resgnosvth may decline in the future

" There were 78 single reservoir fields, of which 33 shrank in size, 27 were static and 18 grew.
8 Forbes and Zampel{R009)study the same region as Gr&2607) but focus on gas fig.
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as a greater share of production derives from nesraaller and better delineated
fields that are more likely to be located offshore.
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5 The USGS estimates of potential global reserve
growth

5.1 The USGS World Petroleum Assessment

Most analysis of reserve growth has taken place in the US, winer8ECrules

require the reporting of a particularly conservative interpretation of 1P reserves that is

confined to oil that is in contact with a well. As a resalithors such akaherere

(1999) argue that the primargource of observed reserve growth is conservative

reporting’ |l n contrast, 6 o p(RO08nhighligre the hstorickanda s  Mi | |
potential contribution of improved technologihis disagreenm@ was brought to a

head by the publication of the USGS World Petroleum Assessivédp) in 2000

which provided an authoritative global assessment of the ultimately recoverable
resources of conventional gUSGS, 200Q)

TheUSGS study consi detheepdtentiabte e addeddogesddesat h ad
between 1995 and 2025 using existing technology. This reqaggamptions about

technical and economic viabilignd implies that the resukt®uld bothunderestimate

the gbbal URR (since some resources may only be technically and economically
accessible in the longer term) aowkerestimateesource availability up to 2030 (since

political and other constraints may prevent resources from being accessed and
exploited).Also, since the study used a baseline of 1st January 1996, the estimates of
cumulative discoveries were already five years out of date by the time it was
published.

The most controversial aspects of the USGS 2000 study were the assumptions about
future reservgrowth (Laherrere, 2001)This had been excluded from previous global
assessments by the USGS owing to insufficient data. However, this neglect was
becoming increasingly inappropriate, given that resegx@wth appeared to be
accounting for an increasing proportion of globakerve additions. Using the
Petroconsultantfater IHS)database, the USGS (2000) found thatdineulative 2P
discoveriedor 186 giant fields outside the US had increased by 268tden 1981

and 1996. This was greater than would have been predicted by the reserve growth
functions estimated from US oil fiedgd despite thePetroconsultants database
containing 2P reserves data while the US function was estimated from 1P data
Hence, lhe neglect of no#wJS reserve growth no longer seemed viable.

The 2000 study therefore included explicit allowanceturereserve growth for the

first time. The USGS emphasized thalbhar forecast of reserve growthvas
preliminary and that there were any approximations in the methods aadvide
confidence bandrothe results. Nevertheless, the estimates they obtained have since
beenwidely used within the oil industry ancbontinued tounderpin global supply
forecasts by bodies suchthg IEA (2008)

A summary of thdull results of the USG&ssessment ashown inFigure5.1. This
shows the& mean estimates of the URR for crude oil, natural gas and NGLs, broken

% Reserve growth in the US may also be influenced by the production restrictions imposed in the 1950s and 60s
(6prad i oni ngd) and by the underestimation of field size
geophysical techniques.
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down into he US and the rest of the worldllso shown are the quantities for which
there is an estimated 5%, 50% and 95% chance of exceeadutigating the range of
uncertainty For crudeoil and NGLs combined, thenean estimate for reserve growth

is 730 Gb(76 Gbin the US and 612 Gb in the rest of the wrlthisis 22% of the
estimatedglobal URR, 28% of the estimated remaining resources @xckedsthe
cumulative production of liquids through to 1995. Hence, the USGS anticipated
reserve growth at existing foid to contribute almost as much to future reserve
additions as new discoveries.

Critics were quick to arguéhat theglobal estimate of 73Gb was wildly optimistic

and the methods used by the US®8e flawed (Bentley, et al, 2007; Laherrére,
2001) The principle diffculty lay in taking theUS experience witlreserve growth

and extenohg it to fields elsewhere in the worl@hisis problematicfor a number of
reasons, but particularly becauke US growth functions are based upon 1P reserve
estimates while the globdata used by the USGS is based upon 2P estiniaths.

US reserve growth is primarily the result of conservative reporting (as many authors
claim) the USGS approach will overestimate the global potential.

Figure 5.1: USGS estimates of the ultimately recoverable resource of
conventional oil.
Table AR-1. World level summary of petreleum estimates for undiscovered conventional petroleum and reserve growth for oil,
gas, and natural gas liquids (NGL).

[BBOE, billions of barrels of il eguivalent Six thousand cubic fest of gas eguals one barrel of oil eguivaleni. FE5 repressnts a 95 percent
chance of at lzast the amount tabulated. Other fractiles are defined similarly. Production and reserves normalized to /1088, Shading
ndicates not applicable]

Qi Gas MGL
Billion Barrels Trillion Cubic Feet | BEBOE Billion Barrels

Fe5 | F50 | F5 [ Mean | 725 T Fe0 [ P8 | Mean [ Mean | Fos | 750 | 2 | Mean
World (excluding United States)
Undiscoverad conventional 334 [ @07 [ 1107 40| 2200 [ 4333 ] 8474 4860 778 5] 1@ 278 207
Resense growth (conventional) 182 &12] 1.021 g12| 1,040 [ 2205 554 3,305 551 E I 42
Femaining resenves” a5d 4821 770 ga
Cumulative production” 538 208 150 7
Total 2,850 12,403 2,240 324
United States
Undiscoverad conventicnal™ BE | [ 104 23] ama] [ &os 527 58 Combined with il
Fesenve growth (convenbional)™ 78 355 58 Combined with oil
Flamaining resenves 32 72 28 Combined with ail
Cumulative production 171 254 142 Combined with ail
Total am2 1808 218
World Total 3,021 15401 2567

{including United States)

“Waorld reserve and cumulative produciion data reflect only those parts of the werld actually assessed and are from Petroconsuliants {1288)
and MRG Associates (1985).

"5, data from Gautier and others (1825) and Minerals Management Senvice (1856)

Source USGS(2000)

5.2 The USGS method for estimating global reserve growth
potential

The USGS procedure for estimatingnUS reserve growth is summarisedfigure
5.2. The required inputs are global field data, a reserve growth function and a
probability distribution.

The global data on field ages, cumulative production and 2P reserves weridaken
the IHS database. The exception was Canada, where 1P reserves data was taken from
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Nehring Associates. Fields were assignedotoof 2706 as s e s s nt® and uni t s
checked to have reported discovery year before 1996 and a production status other

than abadoned. The resulting dataset contained 13,618 fields (of which 8270 were

oil fields) and represented approximately 95% of the discovered petroleum outside the

Us.

The reserve growth function was derivied fields in the US Lower 48 Statesd

gave a mulplicative factor by which a field of a given age in that region would be

expected tagrowdin the course ofhe following 30 years. To calculate the expected

global contribution of reserves growth over the timeframe, the same growth function

was appliecseparately to every field in the dataset (oil, gas and NGL), subtracting the
initial Aungr owno Vv ol ienfpplyinglTthecesane uesemve r s not
growth function to all fields implies that account was not made of regional and local
variability of reporting systems, reserves definitions, and technical, economic and
political conditions, a | IFor differentv purposks, af f ect
growth functionshave beemlerived for various sukegions of the United States, and

the USGSsuggestedthat a future improvement would be to select the most
appropriate analog area for world regions with known geological characteristics.

To reflect uncertaintythe value calculateftom the reserve growth functions was set
equal to the mean of a probabilitlistribution (Figure 5.3). In the absence of data
with which to judge the correct shape, the distributi@s chosen to be a triangle for
ease of calculation. The minimum value was chosen to betherepyrejecting the
possilility of negative reserve growthdaving specified a minimum and a mean, the
maximum value is then automatically defined.

Figure 5.4 showsthe resulting cumulativerobability distribution fortotal reserve
growth for the rest foworld (excluding US).The figures here match those in the
second row of the table Figure5.1.

10 An assessment unit (AU) is a volume of rock that is sufficiently homogeneous, both in terms of
geology, exploration considerations, accessibility and risk to be examined with a particular resource
assessment methodology.
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Figure 5.2: USGS reserve growth evaluation methods,

Source USGS(2000) Fgure RG3
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