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Preface

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

The TPA was set up to address key controversies in the energy field through
comprehensive assessmen ts 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 TPAGS & sfar engas Aterm t of evid

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 go vernment, 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 phys
20307
The results of the project 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 est imating 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 Pol icy 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 s tudies and reports from around the world.

Technical Report 2: Definition and interpretation of reserve estimates is authored
by Erica Thompson . It clarifies the nature of oil reserve estimates, the methods

by which they are produced, the manner in which un certainty is estimated and
expressed , and the difficulties of aggregation . It summarises and compares
number of commonly used classification schemes and investigates why reserve
estimates change over time. It highlights both the limitations of current esti mates
and the extent to which they may be misinterpreted . It concludes that current
reporting practices are only poorly suited for the purpose of forecasting future
global oil supply.
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Executive Summary

The major inconsistency between reserve definitions is the choice of either a
deterministic or probabilistic methodologyVithin the class of deterministic
definitions, the term§proved grobadled apossibléare widely used, but the use

of this language is not standardis&thrious descriptive terms are used which have

very subjective interpretation§Vithin the class of probabilistic definitions there is

wide agreement that 90%, 50% andd probability levels are appropriate to specify

when reporting reserve estimatd8%8h er e det er mini stic ter ms
specified in a way allowing retrospective evaluation of estimates, the actual use of the
term may not match the correspondimghmbilistic definition.

There is a large physical uncertainty in our estimate of the oil originally in place due
to the impossibility of measuring physical and geological characteristics of the
reservoirsufficiently accurately Further uncertainty isntroduced in estimating how
muchis both technically feasible and economically viable to extaod again when
aggregating results for individual fields to large ardababilistic estimates are
therefore the most appropriate, because the definitibesndelves include an
acknowledgement of uncertainty.

Probabilistic definitions do not lessen the intrinsic physical uncertainty in making an
estimate but they can eliminate the possibility of deliberate or accidental bias.
Because probabilistic definitignallow retrospective evaluation of the accuracy of
reserve estimates, errors in estimation can be identiflad.level of accountability is

not achievable with deterministic definitions.

Deterministic estimates cannot be aggregated by simple additerguse the
terminology used to describe them represents an underlying distribution of
probability. Due to this, aggregation of 1P estimates causes an underestimation of
total proved reserves and aggregation of 3P estimates causes an overestimation of
totd proved, probable and possible resen/&ggregation of 2P estimates correctly
interpreted as the median introduces quantitatively less error, which may be positive
or negative depending on the underlying distributith.the 2P estimates are
(incorrectly) interpreted as the mean estimate, then there will be no bias upon
aggregation.

Given that the aggregation of 2P estimates introduces less systematic error than the
aggregation of 1P estimates, they should be preferred when assessing aggregate
reserve di@a. However, the aggregation of the 1P estimates at least provides a good
lower bound for total reserves, whereas the direction of the error in the 2P estimates is
unknown until the probability distribution is found.

Various reserve definition schemes a@deerproposedo harmonise the terminology
that is used across countries, companies and organisalio@snost successful of
these has been the SPE Petroleum Resources Management Sysgemm. mainly
deterministic in character but does include a ssigge correspondence with
probabilistic figures.lt is now used by many agencies and has had considerable
influence on accounting standar¢fowever, it is by no means universal asidceit
allows for completely deterministic reserve declarations, consigteannot be
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checked. The choice of definition and inclusion of different oil categories
significantly influence estimates.

Given the observations above, the current definitions must be concluded to be very
unsuitable for the purpose of forecasting fatuglobal oil supply.To produce
meaningful estimates of global oil reserves will require standardisation of reserve
definitions and of their interpretations, which can only be done with probabilistic
definitions. It is likely that current estimates of glablP reserves are significantly
understatedwhile estimates of 3P reserve@vhen available)are significantly
overstatedThe best estimate of global future production would come from the use of
2P reserve data, but it is currently not possible to sayheh¢his is likely to be an
under or overestimateFurther work should, however, be able to reduce uncertainty
at least in those areas where field data is available to assess estimation success
retrospectively.
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1 Introduction

The world is becoming morend more dependent on oil as its main source of energy.

As the IEA's World Energy Outloo008)says,fi 0 i | is the world's v
energy and will remain so for many years to come, even undendbeoptimistic of

assumptions about the pace of development and deployment of alternative
technol ogyo.

Given our dependence on a source of energy whiaktimately finite it is natural to

ask at what point we expect to see global oil supeing resicted by depletion of

the resource Although distinct fromsocalled iab@veundo factor s S
economic and political expediency, conflict, terrorism and underinvestment in
infrastructure physical depletion is necessarily intertwined with such factut

while suchfactorsmayinfluence the rate at which oil can be extractady will not

be considered in any detail herecept as influences on the ways in which physical
reserves may be estimatddstead, the focus of this report is the defimtiand
estimation of oil reserves and the interpretation of oil reserve estimates. In particular,
it consides whether current definitions (and interpretations of those definitions) are
appropriate for the purpose of determining the quantity athail isboth technically
possible and economically feasible to extmaithin a given time frame

Section 2 explains in detail what is meant by petroleum reserves, the geological basis
of reserve definitions, and how reserves are estimated in practice, indhasvritpese
depend upon technical aneconomic assumptions andire affected by various
institutional, politicaland market influences. Reporting standaatsl deterministic

and probabilisticeserveestimates are introduced, to be discussetttaillater.

It is important not only to estimate trsize of reservesbut also to estimatée
corresponding uncertainty in the final estinsatés describedn Section 3, the usual

way of doing this is to produce | ow, Abes
definitions of thesenay differ. Statistics can then be applied to the reserve estimates

to evaluate them, or to produce estimates of aggregate reserves. A number of common

errors and inconsistencies are analysed thed likely effect onaggregateeserve
estimatesssessed

Many differentreserveclassification schemes are used wenlide anda selection of
these are described in Section 4 along with their respective advantages and
limitations. These are the definitions of the US accounting standar&oaitiety of
Petroleum Engineer¢SPE)industry standard classification system, a classification
by the United Nations and the definitions used by the UK Government.

Over time, reserve estimates change for a variety of reasons which are associated with
discovery, production, definitions, measurement and other influences. The
significance of each of these factors is discussed in Section 5.

Finally, Section 6summarises the main findings and conclutheg current reserve
definitions are not adequate foretlpurpose of global reserve estimation. Despite
some movement towards greater standardisation and better use of statistics, there is
still both considerablancertainty inthe estimates of globadil reservesand frequent
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misinterpretation of the relevamiata. This in turn contributes to a corresponding
uncertainty in forecasts of future global oil supply
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2 Defining and estimating reserves

The first definition to consider is what we mean by a petroleum reserve. Figure 1
shows the influential classification introduced by McKelvey (1972) who
distinguishedbetweerreserves ancesources

1 Reservesre those quantities of aih known fields which are considered to be
both technically possible and economically feasible to extract under defined
conditions.

1 Resourcesare the total quantities which are estimated to exist, includath
those in known fields whiclre not consideredeconomically feasible to extract
and those in undiscovered fields.

While most commentators interpret the term reserves in a broadly similar way, there
is considerable ambiguity over the use of the teesourcesIn addition to the
McKelvey definition, thistermmay be used to refer:tthereserves in knowfields;
thetechnically and economically recoverable resourcesregion, including those in
undiscovered fields; and the total-otliginally-in-place (GDIP) in a regionwhether
discovered or not and whether recoverable or not.

The 60 Mc Ke | Figue 2.B ochassifies( petroleum resources along two
dimensions, namely the level of geological knowledge and the estimadedneic
viability of recovery.In the earliest versions, this simptlistinguished between
discoveredand undiscoveredresourcesLater classifications of petroleum deposits
follow this division by economic and geological factors, then further diredeves
into subcategories gbroved probable and possiblereserves.The total petroleum
resourceestimated to beecoverablédrom a given area (which differs from the total
6o0i | i, sincemot allanaydbeecoverablgis theultimately recoverable resoce
(URR) for that area At any point intime, the URRIs equivalent to the sum of
cumulative production, remaining reserves, #mel estimated recoverable resources
from undiscovered depositsnormally termedyet-to-findé  ( YWeFwill consider
this teminology in more detail later.
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Discovered Undiscovered
Commercial Reserves
Resources
Sub-
commercial
Figure21l: The AMcKel vey Boxo, from which most

classifications are derivedThe geological axis is divided simply into discovered
and undiscoveed deposits, and the economic axis into commercial and sub
commercial projects.Later, the category of reserves (discovered, commercially
extractable deposits) is divided into sulcategories.

2.1 What is being estimated?

Accumulations of oil or gas are termpdolsor reservoirsand a geologically related
group of reservoirs is termed an fidld (seeBox 2.1). Individual fields may produce
both oil and gas, although usually ayrethe othepredominates.

Estimating the volume of bicontained in a reservowr field is not as simple as
estimating the volume of a bath full of oil. First, the reservoir may be a very
complicated shape due to its geological origins. Second, the oil is not present as a
pool of liquid but is trapped withitiny pore spaces in the rock matrbhis matrix is

usually heterogeneous (varies from place to place within a reservoir), so even if the
volumetric extent of the reservoir is known, the fraction which is oil may vary from
one aread another. Third, evethe most sophisticated equipment cannot accurately
detect the presence of oil without drilling a physical borehole down to the reservoir,
so the information that is used to predict the extent of the oil field comes mainly from
exploratory and developmentilling (Barss, 1978; Speers and Dromgoole, 1992)
after which it is dependent on the judgeme
infer the conlitions between the known sites ($8gure2.2)
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Box 2.1 Geological levels of aggregation in petroleum resource assessment

1 Peroleum Well A well may be are drilled to find, delineate and prodyi
petroleum, with some wells being drilled to inject fluids to enhance
productivity of other wells. The URR of a producing well is typicg
calculated by extrapolation of its pasb@uction performance, using standg
formul ae f or (AbdiE Eattah,n@96; ¢lwffmanersd @hompsd
1994)

1 Petroleum Reservoir/PoolA reservoir is a subsurface accumulation of
and/or gas whether diseered or not, which is physically separated from of
reservoirs and which has a single natural pressure system. Pool is an old
for reservoir and accumulation is an alternative term.

1 Petroleum Field A field is an area consisting of a single me@s& or multiple
reservoirs of oil and gas, all related to a single geological structure g
stratigraphic feature. Individual reservoirs in a single field may be sepd
vertically by impervious strata or laterally by local geological barriers. W
projected to the surface, the reservoirs within the field can form
approximately contiguous area that may be circumscribed. However,
sources define a field simply as a contiguous geographic area within
wells produce oil or gas. In eithersea the boundary of a field may shift o
time and two or more individual fields may merge into one larger field (D
1997). Qil fields are classified on the basis of their oil to gas ratio and
either be discovered (located by exploratory drillinghder development]
producing or abandoned. The number of wells in a producing field may 1
from one to thousands.

SourcesDECC(2009); Klett (2004); Magoon and Sanchez (1995)

J

| Known Productive

}‘— Limits of Proven Pool

Figure 2.2: lllustration of the difficulty of judging what represents a single field.
Disconnected regions may be classified either within the same field, or as new
discoveries, depending on the definitions used and the order of drillingource:
Attanasi and Coburn (2004)
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Thus, starting with the largest quantity, we may choose to estimatal timetially
(/originally) in place(OlIP or OOIP), which is the total amount of oil in tleservaoir,

field or regionunder considerationWe then estimate theecovery factor usually
given as a percentage, which is the fraction ofhatis considered to be recoverable
under defined condition¥Ve must therefore also define whether this is under current
econanic and technological conditions, or conditional on some future projection of
oil prices and technological developmeiibhe product of @IP and the recovery
factor gives thestimatedecoverableeserva. There arghendifferent subcategories

of reservesdepending on our level of confidence in the estimates ©fPCand
recovery factoSection 2.3 The more accurate the information we have about the
field or region the more accurately engineers estimate reserves apdedict future
production.The tdal volume of oil that is estimated to peoducible from the region,
from when production begins to when it engsfermed theaultimately recoverable
resource (URR). As with reserves, estimates of URR are contingent upon
assumptions about technical fdakly and commercial viability and can change over
time as geological knowledge improves, recovery factors increase and oil prices
change.

There are many other sources of information that geolocgstase to improve their

estimates of the reservoir wwhe and characteristics, but this illustrates the
uncertaintyof the estimation proceduand the extent to which it relies upon expert

judgment Once production has begun fronm andividual well, and the rate of

production has begun to decline, the ressror URR for that well may be estimated

to a somewhat greatelegreeof confidence by extrapolating the rate of production

using standard f or m{Abd&l Fatah, 1986d Arps| 1945¢ cur v e
Chaudhry, 2003 Gray, 1960; Huffman and Thompson, 1994; Sorrell and Speirs,

2009) While similar techniques can be applied at the field lewmplogical
assessmemhay still berequired to estimate reserves in adjacent areas that are not in

contact with existing wells Hence, in principle, all reserve estimates should be
accompanied by statement of how much confidence heavein the estimate, that is,

the range of wuncertainty or fAerroro that m
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Computer simulation

Pre-production: reservoir simulation
using geological data.

During production: calibration and history
matching of new data to model

~,

Comparative surveys
Analogue reservoirs
Qutcrop data

Engineering studies
Well spacing and location?
Field drive mechanism?
Is data sampling adequate?

Reservoir measurements
S A Seismic surveys to map
7 | geological features.
\ Cores drilled to find:
Reservoir pressure
/ | Hydrocarbon/water contact depth

Fluid/rock measurements
Viscosity of fluid (type of oil)
Porosity of rock (amount of oil)
Permeability of rock (flow of oil)
Heterogeneity (fractures?)

Figure 2.3: Geological assessment of petroleum reserves involves direct and
indirect measurement of reservoir properties, as well as simulation using

computational techniques both before and during production. (Not to scale).

Sources: Speers and Dromgool@ 992) Barss(1978)

2.2 How can we estimate reserves?

As described above, the process of edimnarequires various judgements, firstly on
how much oil is in the ground, then on how much it is physically possible to extract,
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then on how much it is economically viable to extrdanally, there is a more
political decision regarding how much of testimated volume to declare publicly as
reserves, which are governed by legal standards in most jurisdictions (of varying
degrees of clarity) and may also be strategically important information for a company
or country.The steps of assessment are desdrii®ow, starting with those which are
applicable to all petroleum extraction and moving to those which will differ
depending whether an international oil company (IOC) with shareholders or a
governmentcontrolled national oil company (NOC) own the reseineserve in
guestion.

2.2.1 Geological assessment

Petroleum geologists are involved in exploration and discovery, and make the initial
estimate of the amount of oil contained in a reservoir. First, the most promising
regions are identified where it is believéndt geologically it is possible or likely that

oil may occurNext, there is usually exploratory drilling to test for the presence of oil
and measure properties of the reservoir rock (Barss, 1978). An estimate of the
reservoir capacity is then made usithg methods described kigure2.3.

Following successful exploratory drilling,judgmentneeds to benade regardinthe
extentandsize of the discoverexeservoir orfield (Figure2.2). Instead of ondarge

field, there may be several disconnected reservoirs in an area which, depending on the
extraction strategy, may or may not be regarded as a single (8¢lders and
Dromgoole, 1992)In addition, thigudgmentmay change over time, with previously
distinct fields being merged into a single, large field, and langédsf being broken

down into smaller oneg¢Drew, 1997) The choice does not influence the total
discovered volume but it does affect thistorical record of the size of discovered
fields (Rose, 2007yhichin turn may influence forecasts future discoverigssince
thesefrequentlyrely upon such recordSorrell and Speirs, 2009)

2.2.2 Engineering assessment

Using the geological data provided, petroleum engineers then estimatcdvery

factor - the fraction of oil in place that can koduced from the field with the
technology availabl€élEA, 2008; Sgers and Dromgoole, 1992)ost definitions of
reserves take into account existing technology but do not allow for future
developments which may enable more efficient extractimwever, recovery factors
have improved in the past and may be expectedrtnue to improve in the future.

For example, data from the America Petroleum Institute suggested that US recovery
factors grew at an average rate of 0.2%/year between 1966 and[&iBs and
Weston, 2000)Some work has been done on predicting the increase in recovery
factors on a senstatistical basigKlett, et al, 2005) although improvements in
technology are inherently uncertain and the achievable recovery will ultimately be
subject to physical constraintds recovery factors can only be calculated to the
accuracy to which wknow the total resource available in a field, there will always be
some degree of uncertainty in the estimation of recoverable resources, even if
technology is able to guarantee some minimum recovery factor.

A distinction is normally made betweegnimary recovery where oil is produced
under its own pressurggcondary recoverywhere either water or water alternating
with gas (termed WAG injection) is usedrt@intain pressure argiveep oil from the
reservoir, anegnhanced oil recoverfEOR), where sophkticated techniques that alter
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the original properties of the oil are usdflOR typically adds something to the
reservoir, such as gas, solvents, chemicals, microbes, directional boreholes or heat,
with the aim of raising pressure, preventing water floegucing oil viscosity, or
accessing isolated section§ the reservoirBox 2.2 suumariseshe most common

types of EOR, although some of these, notably, @@ection, are classified as
secondary recovery techniques by sauommertators A key point to understand is

that techniques are very much targeted towards specific reservoir characteristics: not
all techniques are appropriate or even implementable in all reseiMaiss.success

has been achieved with thermal methods in gigldrmeable reservoirs containing
heavy viscous oil, and miscible gas injection in less permeable reservoirs.

Box 2.2 Enhanced oil recovery techniques

There are three broad groups of EOR techniques:
1 Thermal methods introduce heat, typically in the form of steam to reduce viscosity,

partially o6cracké heavy oil and/ or ilncrease

heavy oil but their use has declined since the 19&0s.
9 Gaseousnethods inject carbon diake, nitrogen or other gases at high pressure to reduce

viscosity, achieve O6miscibilitydé (a homogene:q

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.

1 Chemicalmet hods inject wvarious compounds| to
oil and injectedwater. These are not widely used and tend to be complidated,
unpredictable, costly and sensitive to reservoir characteristics.

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

>

g

N
o
1

) M CO; injection
g Infill - horizontal wells
s 40 +
= Infill - vertical wells
=)
r‘% 30 - M Original vertical wells
]
£

20

10 4

04

1950 1960 1970 1980 1990 2000 2010 2020 2030

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

In general, recovery factors vary widely depending upon the type of rock in which the
oil is found, its accessiliy and the technology usedhis is a critical area of
uncertainty both in making singfeeld reserve estimates and in assessing global
reservesand the future potential for reserve additions. WREC (2007)suggest many
potential advances in technology which could impragtebal averagerecovery
factors from 35% to 50%T his wouldincreaseworld reservesdy about 1.2 trillion
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1C

bareels, or more than has been produced through to 2007. HowtneetEA (2008)
conclude thatthiswilii pr obabl y take much tdachregeer t han t

2.2.3 Economic assessment

The next consideration is whether extraction of a resource is economically foa

the extractor- will it result in a profit? Many reserve definitions include a clause
stating that the reserve must fulfil certatnr i t er i a Aunder exi sting
operating conditions'(BP, 2008; IEA, 2008; SEC, 20Q8fowever, this is a partly
subjective judgement which depends on the current and anticipated future price of oil
and the estimated capital and operating costs oa&xin.Hence, for the purposes of
declaration, the estimate will depemd part on the current market pric®r the
relevant type of crude oilln order for an operator to make decisions about future
investment, however, they may prefer to considerradtere definitions in the light of

their own projections of the future oil pri¢@esse and van der Linde, 2008; Mitchell,
2004)

2.2.4 Institutional influences

Oil companies in different countries are subject to different rules and regulations
regarding the estimation and declaration of resefies.definitions of reserves may

vary and even when a single definition is used, ttterpretations of these defions

vary, with many relying on highly subject
rather than numericastimates oprobability. Even when these terms are precisely

specified, the interpretation is not always either correct or consi3teatrepoting

standards may also vafyom one country to anotheFor example, in the US oill
companies are required to publish only the
company has a high level of confiden&EC, 2008) wher eas in the UK
Aprobabl eod and Apossi bl eo esti mates ar e |
governmentEven within one country's figures, there mayngch variation between

different operators regarding methods of estimation; for example, the UK
government's own website states thaN o r t loper§t@sause a wide range of
reserve and production estimation met hodso

In the absence of a clear, congistand widely used international standard, the
definitions and approaches to reserve estimation vary widely from one country to
another (where they exist at alPPEC defi nes and decl ares
according to the SPE2007) definition, butsinceno external or thirgparty auditors

are admitted, there is no way of verifying their figurdghile OPEC countas hold

the bulk of the world's oil reserves, their reserve estimates are widely contested
(Deffeyes, 2005; Salameh, 2004)ther countries have their own legal rules and
standards for estimation and declaration of reserves, and differenbdsetor
estimation are used by individual companies and petroleum opefAtoct, 2004;
Mitchell, 2004) This leads to considerable confusion about definitions and
encourages theaisinterpretation ofeserveestimates.

2.2.5 Political and market influences

International oil companies (IOCs$hould be largely unaffected by political
considerationshut have a legal duty to their shareholders to maximise the return on
investment.They are therefore subject to strong market incentiggse reserve
estimates and the rate of reserve additearsaffect their share pricd.he importance

of reserve estimates is illustrated by the controversy in 2004 when Shell downgraded
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20% of their Aprovedo r(Amote 200K Thisfedtbh owi ng r
large fall inits share price, and eventually the resignation oits chairman in June
2005.

National oil companiesNOCSs), on the other hand, while they are less sensitive to
market conditions and have no similar responsibility to shareholders, may have
political motives for choosing particular reserves definitions, or for a particular
interpretation of those definitien For example, inthe midlate 1980's, reported
proved reserves of OPEC countries increase88- some300 Gb (Bentley; et al,

2007; Salameh, 2004This was not due tehe discovery of arge new petroleum
reserves, but a response to proposals by the OPEC Secretariat to link production
guotas to reported reservekhe new figures cannot be conclusively said to be an
overstatement of reserves, since there may haveldmkmcentives to uderstate in

the preceding yearand improvements in recovery factolait it doesillustrate the

scale of change that can occur due to changing incenBue=e the published reserve
estimates of many OPEC countries have subsequently remained unchanged fo
periods of up to a decade, their validity has been further called into question (see
Section 5.4).

Political and market influences are not usually mentioned in reserves definitions, as
they are not a physical constraint on supply.

2.3 How is the estimate reported?

International oil companiewill assess thegeological, technological and economic
conditionsrelevant to each of theimdevelopednd producing fields and estimate the

remaining reserves. These will be aggregated to the regional level andrnieteest

Apr oved wikisedooked i@ the company's account$his is a single

number estimate and is often quoted without an indication of the level of confidence

in the figure beyond the definitions supplied by the local financial reportingastdn

which may require only fAreasonSEGI2@08)cert ai n
and is not standardised between ddas.

For publicly listed companies this is often the only freely available information, and it

is also published by some NOCs, in particular the members of Of@&@:ver, due

to the requirement of a high degree of certainty of achieving that figuvél, #&imost

always be an underestimate of the voluafeoil that will ultimately be recovered

(Ross, 1998)T h u s , for strategic pl anning many
estimateo of how much oI ltechnitakyyeasible bidev e it
economically viableto recover(Mitchell, 2004) This is generally known as the

Apr oved anmksempe estimatdanckiooftéurther described as the amount

of which production i s i a durtherth that,ysomeo exc e
companies also consider a bease scenario where all conditions prove favourable,

and come up with a total estimatefi pr ove d g pndb arbsbrges (SPEe 0

2007). National oil companies are not subject to the restrictions of accounting
standards and tend to publish only proved reserves fig@ewmtt, 2004) The

terminology is summarised ifable 2.1, along with some other commonly used

terms.

4
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Table 2.1 Deterministic and probabilistic terminologies associata with oll
reserves estimation.

Type of estimate  Deterministic terminology tizrr?rt\)i?\?)lllcl)séy Statistical description
Low iProvedo: 1P P90 10" percentile

Best AiProved and pr obeP50 Median

High AProved, prsiole:a8®I| ¢P10 90" percentile

Although some indication of the margin for error is provided by the use of these three
figures (commonly abbreviated to 1P, 2P and 3P), they adetalifministicestimates,
resulting from assigning one value to each inpatameter and calculating a final
estimate from thisThe other approach to estimation ispeobabilistic treatment,
assigning definite probabilities to the input parameters and combiningwiitege a
Monte Carlo simulation or equivaletd find a range oprobability distributionof
possible outcomes.
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3 Uncertainty in reserve estimates

3.1 Importance of estimating uncertainty

Since every measurement carries with it some degree of uncertainty, estimates of
petroleum reserves need to be combined with estinohtib®e associated uncertainty
(Jung, 1997; Rose, 2007This uncertainty may be small in the case of well
characterised fields in extensively studied geological areas which already contain oil
producing formations; however, for fields in more speculative areas where lititee or n
exploratory drilling has been carried out and there is no history of oil production, the
uncertainty may be very lard&peers and Dromgoole, 1992\ the regional level,
estimates are usually produced by summing fiele| estimates, which must be done
with care. There is even greateruncertainty regarding undiscovdreesources,
althoughsincethese do not contribute tteclaredeserveghey will not be considered
here

The estimatiorand specification of the level afncertaintyin reserve estimates
important for several reasons:

1 The amount of recoverable oiirectly determines the economic viability of a
project. Developing an uneconomic field could be disastrous for a small oll
company, while choosing not to develop good fields would hinder a company's
progress. Therobability of making either type of errareeds to bestimatedn
advance before development decisions are made.

1 If an incorrect estimation of reserves is made, a company may be liable for
damages incurred by shareholders on the basis of misinformation. A good prior
estimate of uncertainty protsche company as it will then be possible to quantify
the risk involved in publishingthespa |l | ed fibest 6 esti mat e.

1 Global oil reserves are economically crucial, but highly disputed, so the more
information can be given about each estimate, the bettergments and markets
can respond to the availability of this resource.

But despite this, probabilistic estimasggpear tdethe exception rather than the rule.

32 Low/ Aibest o/ high estimates

As described in Section 2.3," res8keses, aae
Ahigh" estimates of recoverable petroleum
often ident P9 ,edwhniicchh htahse ai 90% probabil it

iP500, which has a 50% pr obRlBoi,| iwhg oot hbaei ng
10% probability of being exceedé8PE, 2007)These quantities can be graphically
determined from the cumulative proliélp distribution, as shown ifrigure3.1.

Best estimates are easier to produce than low or high estimates, since the average
properties ar e easier to estimate than 0
estimates depends ap the particular definition that is used, which is by no means
consistent.
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Figure 3.1: The probability density function (red line) represents a statistical
distribution which in this example is skewed to the left. In the context of reserve
estimates, there is no probability of there being a negative volume of oil, but
there is a high probability of reserves being somewhere between 0.5 and 2 units,
and a small probability of there being a much large amount. The P90, P50
(median) and P10 estimates all represent points on the cumulative distribution
function (blue), which is the integral of the probability density function. The
vertical scale refers solely to the cumulative distribubn.

3.3 Issues in the treatment of uncertainty

3.3.1 Is the use of statistics even appropriate?

Objections to results obtained by statistical analysis of reserve estimations often
centreon the observation that the initial stage of geological assessment contgins ve

large and mor@r-less unquantifiable uncertaintieBor example, a geologist may
estimate the porosity as fAabout 4 or 5%0,
variables which must be considered, and immediately introduces an uncertainty of
10%in calculations done with this figur@he use of statistical techniques on such
imprecise initial data (and the subsequent tendency to state results to 3 or 4 digits of
precision) could therefore be criticised for lending an unjustified degree of citgdibil

to results arrived at by these methods.

It is certainly sensible to be wary of mathematical results in the reserve estimation
literature, as even the pemviewed articles often contain serious mathematical errors

or inconsistenciesCommon errors a&r highlighted with some examples in the
following sections.There is alsanuch confusion regardinghe appropriateess of

different methods for analysinthe statistical data availablét. should benoted

however, that widespread confusion does not idaédi the use of mathematics in

general and there is probably still more to be gained from rigorous statistical analysis.
Large uncertainties in themselves are not a problem mathematically, and we may to
some extent use statistics to extract more usefud daf r om behi nd t he
introduced by subjective estimation.

332N Besto esti mates

The UNFC EMR, a United Nations classification system for mineral resources, states

thath The best esti mate shall be any of the m
(mode) alue or the median (P50) value. It shall be stated which statistical measure

has been used ([UN,r2004)0teer ofassifidatioa $ysgems do not

UK Energy Research Centre UKERC/WP/TPA/2009/017



1t

specify the statistical definition & "best' estimate or implicitly assume it to be the
median (P50)The distinction between the three kinds of "best' estimate is important,
as they can significantly affettie results of calculations, in particular when field data

is aggregatedThe diffeences are best explained with the aid of a diagiEigule

3.1) showing a skewed distribution where the mean, median and mode are all
different.

Themedianis defined so that it is equally likely that the true figure is abovmemw

this estimate. This definition fits with the above definitions of low/high as P90/P10
and is equivalent to P50, so easy to reconcile with current conventions.
Overestimation and underestimation are each equally likéhe median does not
account fo the possibility of a particularly large or small outcome, if the probability
distribution is asymmetricThis may be preferred by small companies in possession
of only one oil field, who are riskverse and cannot afford to develop a field on the
basis & a small probability of large returns, so prefer greater certainty.

The statisticalnodeis defined as the most probable figure or range of estimates, or

more intuitively the highest point of the distributidBy definition the mode is the

most likely igur e to be Acorrecto (for the act ue
containing the mode rather than in any other eqgisilgd range of estimateshs

with the median, the mode is not significantly affected by small probabilities of
particularly large or sall outcomesThus again this is a more suitable estimator for

use when risks need to be minimised, or on the field level rather than higher levels of
aggregation.

The statistical (arithmetianeanis defined as the average or expected figure if many
choices were made in the same situatibthis is used consistently over many fields,

it should be the most accurate predictor of actual reserve vollioegver, it may

not bethe most accurate predictor for an individual reserwasifield. Depending on

the shape of the distributions, use of the mean estimate may be more likely to under
or overestimate reservesHowever, due to the magnitude of the under/over
estimations, theegionaltotal should still be welpredicted.For example if there is a
small pobability of extractinga very large amount of oil, then the mean will be
skewed by thisif the estimation is performeahanytimes forfields/resevoirof the

same characteristics, although the mean will overestimate in more cases than it
underestimatesdt will give an unbiased estimate of the total voluriibis may be
preferred by large companies in possession of a large numbeldsireservoirs, who

are less affected by the risk from any one but are interested in accurately forecasting
total reservesolumes over a large portfolidt is also the sensible estimator to use in
assessment of global reserves, if we are interested in an accurate figure rather than a
conservative one.

In the literature there isonsiderableconfusion regarding whetheatifferent 2P
estimateshould be interpreted @asmode, amedian or a mearn both probabilistic

(A50% probability of being exceededo) an
definitions, there is an implicit choice of the median; however, in working witle thes

definitions they are often added arithmetically,agproach that is only valid if they
representneanestimates (see belgwrhis would represent a significant issue if the

statistical distributioa were skewed enough that the mean and median were very
different.It is not clear from the data available whether or not this is the case
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It is commonly assumed that fields within a particular geological region follow a
lognormal size distribution, in that a frequency plot of the natural log of field sizes
approximates a normal distributiqArps and Roberts, 1958; Drew, 1997; Mcrossan,
1969) If this is the case, then the mean and median estimates of regional reserves are
likely to be significantly differenf with the median lyingbelow the mean. e
appropriate form of the size distrilbt is a topic of controversy and the observed
lognormal size distribution of many regions may result in part from smaller fields
being underrepresentad the samplebecause they are not economic to develop
(Attanas and Drew, 1984; Drew, 1997; Drewt al, 1988) But this would not affect

the conclusion that the mean and median reserve estimates for the region are likely to
be different.

However, if the data have been collected in such a way that the estithatoselves
(accidentally or regardless of the definition) estimate the mean rather than the median,
then there may bgan inadverteny justification for identifying the 2P estimates with

the meanSome empirical data on the retrospective accuracy of dgimia shown

in Section 3.3.4, although again the results are not concluBivg.is an important

point to clarify in future work because if the median is being added incoresatlyf

the probability distribution is skewed to the leRiqure 3.1) then aggregate P50
estimatesouldsignificantlyunderestimaté&ue recoverable volumégRike, 2006)

3.3.3 Probabilities cannot be added together

A common error with statistical distributions is the assumption that probabilities can
simply be added together. In fact this is only the case for certain probability
distributions andn general it is necessary to consider separately the shape of each
distribution and the shape of the resultant when they are surf@nedquist, 1991,
Jung, 1997; Pike, 2006; Ross, 1998)

For example, suppose onengomany owns reserves R1 which are estimated to have
(P10, P50, P90) = (20, 10, Gp (billion barrels) and another company owns reserves
R2, also with (20, 10, 1%b, and the two companies then merge. Ihas then
generally true that the new company wilve reserves (40, 20, @p - this is in fact
anunderestimat®f the true P90, anverestimatef the true P10, and will only be a
correct estimate of the P50Qtifisis equal to the meamather than the median

Pike (2006) provides an intuitive explanation @fhy the addition of P90 estimates
lead to an underestimate of aggmie reservesvith the example of two dicdf a
single dice is thrown, the probability of the outcome exceeding one is 83% (5 out of
6). In other words, the P83 figure is 1.0. But if two dice were thrown, the probability
of the outcome exceeding two is%735 out of 36). So the P97 figure is 2.0. The
corresponding P83 figure is 4 (6 out of 36), or twice the simple arithmetic aggregation
of the two individual P83 figures. Hence, by simply adding the individual P83 figures,
the probability of the combinedcsre exceeding two would be significantly
underestimated (the probability is actually 97% and not 83%). In a similar manner,
the sum of thelP (P90)estimates othe oil reservesof two fields would be an
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underestimate of the actuP figure for the two felds combined Box 3.1 gives an
alternative illustration using a continuous probability distribution.

Box3.1Wh a't is the Abestodo esti mate?

Consider the incomes of a population of a developed country. There agepsople
who earn very little, a lot of people who earn a middling amount, and a very few
rich people who earn astronomical amounts. fifeeleof this distribution is the mos
common income bracket, which is likely to be middling. Tiedianwill be the income
of the person whom half the population earns less and half the population earns
again, probably quite a small figure since there are a lot of people earning a
amount and only a few people earning a large amountnmidag) on the othehand, is
likely to be significantly larger, because one football player earning a million pou
year fAbalances outo fifty people eac

So, the choice of fAbesto estimate de
wish to calcuhte the likely income in twenty years' time of a child picked at rand
then we may get a more representative estimate by usingdtian or P50 value. Orj
the other hand, if we would like to know the total future contribution to the econor
all the dildren born in the country this year, then we would get a better estimate o
future earnings by using timeean

Similarly, the fibestodo choice with w
future oil production will differ depending on whse making the estimate and for wh
purpose they intend to use it, in particular the level of aggregation. For this reas
use of a median is common for individual fields, but the mean may be more appr
when considering global reserves.

The difficultiesin aggregating reserve estimates are of particular importance for the
P90 figures since these are most widely quoted. Assume first that the two sets of
reserves are completely independent. In that case, to find the P90 value we must

consider the probabiiitdistributions of each set separately. There is a 90% chance
the first set R1 exceeding 1Gb andiatiependen®0% chance of the second set R2
exceeding 1Gb, which we can write as

P(R1 exceeds 1 Gb) =0.9
P(R2 exceeds 1Gb) =0.9

of

However, when conseéting the sum, we could also exceed 2Gb by having one

reservoir perform slightly worse and one reservoir a lot better. Thus, the chance of
total exceeding 2Gb is:

P(R1 exceeds 1 Gb)*P(R2 exceeds 1 Gb) +

"!Al though helpful, this example is strictly
has an 83% or 5 in 6 chance of being exceeded) is notdekiled and could in fact be any number
between 1.0 and 1.9999. This error in an otherwise accurate paper is a good illustration of
confusion and difficulty that may be engendered by the ustatitical concepts.
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N [P(R1 exceeds 1 Gb by XP(R2 falls short of 1 Gb by less than X)]dX

=0.9*0.9 + a complicated integral

The second term represents the degree eflay of the two distribution€kven if a
muchsimplified choice of probability distribution causes the second term tothe O,
probability of both reservoirs R1 and R2 independently exceedingid@nly 0.9 x
0.9 = 0.81, but the total probability of the sum R1 + R2 exceedifg@reater than
this because it is possible for one reservoir todveet while the other is higheA
simple summation (which gives the probability of R1 + R2 exceediny &0.9)
may be an over or underestimate accordinght shape of the distributionH. a
normal distribution is assumed, then it will be an underestimate.

Alternatively, it may be thease that the two reserves are not completely independent
(eg, they are part of the same geological formation; they use the same operating
equipment; development decisions are made in parallel). For example, if R1 and R2
are close by, share a similar geobtad environment, and are developed in parallel,

then it is likely that they will ultimately yield similar production characteristics. If one

is overestimated in the planning stage the same assumptions probably also caused an
overestimate of the other. linis case the above calculation is complicated by a
weighting indicating how closely the two distributions are linked.

This is important because @tery stag®f aggregation of reserves data it is usual for
the figures simply to be added togeththen PO reservoir data is aggregated to a
whole field, field data to a whole company or country, and national data to global
estimates, each time there is a systematic underestimation of the actual P90 which
would have been calculated from a consideration effali probability distributios.

Each addition increases the degree of underestimation, with the result that the global
estimates are likely to be the most biased. Hence, not onl9@edimates provide a
conservative estimate of likely recoverable teses, but the degree of conservatism

is further reinforced by the aggregation process that is normally employed. The result
is likely to be a set of numbers which significantly understate the amount of oil likely
to be produced.

The effect of aggregatinP10estimateswill be to overestimateéhe regional total

while the effect of aggregating P56stimateswill depend on the shape of the
probability distributions. Theswill vary from one circumstance to another cane

not well enough characteriséml conclude either waylhe only unbiased estimator on
aggregation is the mean, which is not widely used and does not necessarily
correspond to published 2P figures.

3.3.4 Deterministic terminology is inconsistently matched to
probabilistic figures

There is commongar e e me n't t hat where the term Adpr
correspond to P90 on the probabilistic scg@&C, 2008; SPE, 2007; UN, 2004)

However, one study of Canadian oil fieldeealuations (excluding the phenomenon

of reserves growth, which is considered separatglffiompson and Spei(@009)
suggestghat thede factod e f i ni ti on of HAproved reserveso
fact closer to P6(Jung, 1997) and a further study using US data suggests P65
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(Laherrere, 2001).arge URR revisions of up to 70% are also shown bye&pand
Dromgoole (1992) to occur commonly proved reserve estimates fblorth Sea
fields - and in both directiongFigure 3.2). Although the small dataset prevents a
strong conclusion, it does not appear that 90% of estimetesxaeededThere are
various comments to make on these observations:

1 If there were a reliable way to estimate the systematic error and match up
deterministic with probabilistic terminology it would aid the task of estimating
true reserves figures.

1 Howeer, for countries where field data is not reported, this analysis cannot be
performed.Aggregate figures are already shown to be inaccurate for reasons
other than systematic errors in reporting.

1 Countries and professional bodies differ significantly inorépg standards
(see Section 4), so any systematic error found to exist in one dataset is
unlikely to be applicable to other figuré$¢owever, if the Canadian experience
was followed in other jurisdictions, the net effect would be to reduce the
degree ofunderestimation in both individual and aggreg®@0 reserve
estimates.

Perhaps the only reasonable conclusion one can draw is that even when the
terminology is precisely defined, estimators are not good at accurately estimating
reserves, leading to largevisions in both directions as information is gathered over

the lifetime of a field. The implications of this inaccuracy for global reserve estimates

are ambivalent: if there is systematic error in one direction, then there will be very

large errors insduced upon aggregation of field and country level data, but if the
errors are random and evenly distributed,
the aggregate data may still be accurate even thougHdiedtldata is unreliable.

Figure 3.2 An analysis ofproved reserve revisions in the North Sealhis
demonstrates again the very large revisions in both directions which may be
made to a field in the years following discoverySource: Speers and Drmgoole
(2992)}
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