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Preface  
This report has been produced by the UK Energy Research Centreôs Technology 

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  forms part of the TPAôs assessment of evidence for near - term 

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 óconventional oilô will be constrained by physical depletion before 

2030?  

The results of  the project are summarised in a Main Report , supported by the 

following Technical Reports :  

1.  Data sources and issues  

2.  Definition and interpretation of reserve estimates  

3.  Nature and importance of reserve growth  

4.  Decline rates and depletion rates  

5.  Methods for est imating ultimately recoverable resources  

6.  Methods for forecasting future oil supply  

7.  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 methodology. Within the class of deterministic 

definitions, the terms ôprovedô, ôprobableô and ôpossibleô are widely used, but the use 

of this language is not standardised. Various descriptive terms are used which have 

very subjective interpretations. Within the class of probabilistic definitions there is 

wide agreement that 90%, 50% and 10% probability levels are appropriate to specify 

when reporting reserve estimates. Where deterministic terms such as ñprovedò are 

specified in a way allowing retrospective evaluation of estimates, the actual use of the 

term may not match the corresponding probabilistic 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 

reservoir sufficiently accurately. Further uncertainty is introduced in estimating how 

much is both technically feasible and economically viable to extract, and again when 

aggregating results for individual fields to large areas. Probabilistic estimates are 

therefore the most appropriate, because the definitions themselves 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 definitions allow retrospective evaluation of the accuracy of 

reserve estimates, errors in estimation can be identified. This level of accountability is 

not achievable with deterministic definitions. 

 

Deterministic estimates cannot be aggregated by simple addition, because 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 

total proved, probable and possible reserves. Aggregation of 2P estimates correctly 

interpreted as the median introduces quantitatively less error, which may be positive 

or negative depending on the underlying distribution. If 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 data. 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 have been proposed to harmonise the terminology 

that is used across countries, companies and organisations. The most successful of 

these has been the SPE Petroleum Resources Management System. This is mainly 

deterministic in character but does include a suggested correspondence with 

probabilistic figures. It is now used by many agencies and has had considerable 

influence on accounting standards. However, it is by no means universal and since it 

allows for completely deterministic reserve declarations, consistency cannot 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 future global 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 global 1P reserves are significantly 

understated while estimates of 3P reserves (when available) are significantly 

overstated. The best estimate of global future production would come from the use of 

2P reserve data, but it is currently not possible to say whether this is likely to be an 

under- or overestimate. Further 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 more and more dependent on oil as its main source of energy. 

As the IEA's World Energy Outlook (2008) says, ñoil is the world's vital source of 

energy and will remain so for many years to come, even under the most optimistic of 

assumptions about the pace of development and deployment of alternative 

technologyò. 

 

Given our dependence on a source of energy which is ultimately finite, it is natural to 

ask at what point we expect to see global oil supply being restricted by depletion of 

the resource. Although distinct from so-called ñabove-groundò factors such as 

economic and political expediency, conflict, terrorism and underinvestment in 

infrastructure, physical depletion is necessarily intertwined with such factors. But 

while such factors may influence the rate at which oil can be extracted, they will not 

be considered in any detail here except as influences on the ways in which physical 

reserves may be estimated. Instead, the focus of this report is the definition and 

estimation of oil reserves and the interpretation of oil reserve estimates. In particular, 

it considers whether current definitions (and interpretations of those definitions) are 

appropriate for the purpose of determining the quantity of oil that is both technically 

possible and economically feasible to extract within 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, including how these 

depend upon technical and economic assumptions and are affected by various 

institutional, political and market influences. Reporting standards and deterministic 

and probabilistic reserve estimates are introduced, to be discussed in detail later. 

 

It is important not only to estimate the size of reserves, but also to estimate the 

corresponding uncertainty in the final estimates. As described in Section 3, the usual 

way of doing this is to produce low, ñbestò and high estimates, although the exact 

definitions of these may 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 and their likely effect on aggregate reserve 

estimates assessed. 

 

Many different reserve classification schemes are used world-wide and a selection of 

these are described in Section 4 along with their respective advantages and 

limitations. These are the definitions of the US accounting standard, the Society of 

Petroleum Engineers' (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 6 summarises the main findings and concludes that current reserve 

definitions are not adequate for the purpose of global reserve estimation. Despite 

some movement towards greater standardisation and better use of statistics, there is 

still both considerable uncertainty in the estimates of global oil reserves and frequent 
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misinterpretation of the relevant data. 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 

distinguishes between reserves and resources: 

 

¶ Reserves are those quantities of oil in known fields which are considered to be 

both technically possible and economically feasible to extract under defined 

conditions.  

¶ Resources are the total quantities which are estimated to exist, including both 

those in known fields which are not considered economically 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 term resources. In addition to the 

McKelvey definition, this term may be used to refer to: the reserves in known fields; 

the technically and economically recoverable resources in a region, including those in 

undiscovered fields; and the total oil-originally-in-place (OOIP) in a region, whether 

discovered or not and whether recoverable or not. 

 

The óMcKelvey Boxô (Figure 2.1) classifies petroleum resources along two 

dimensions, namely the level of geological knowledge and the estimated economic 

viability of recovery. In the earliest versions, this simply distinguished between 

discovered and undiscovered resources. Later classifications of petroleum deposits 

follow this division by economic and geological factors, then further divide reserves 

into subcategories of proved, probable and possible reserves. The total petroleum 

resource estimated to be recoverable from a given area (which differs from the total 

óoil in placeô, since not all may be recoverable) is the ultimately recoverable resource 

(URR) for that area. At any point in time, the URR is equivalent to the sum of 

cumulative production, remaining reserves, and the estimated recoverable resources 

from undiscovered deposits - normally termed óyet-to-findô (YTF). We will consider 

this terminology in more detail later. 
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Figure 2.1: The ñMcKelvey Boxò, from which most current petroleum resource 

classifications are derived. The geological axis is divided simply into discovered 

and undiscovered deposits, and the economic axis into commercial and sub-

commercial projects. Later, the category of reserves (discovered, commercially 

extractable deposits) is divided into sub-categories. 

2.1 What is being estimated? 

Accumulations of oil or gas are termed pools or reservoirs and a geologically related 

group of reservoirs is termed an oil field (see Box 2.1). Individual fields may produce 

both oil and gas, although usually one or the other predominates.  

 

Estimating the volume of oil contained in a reservoir or 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 within tiny pore spaces in the rock matrix. This 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 area to another. Third, even the 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 development drilling (Barss, 1978; Speers and Dromgoole, 1992), 

after which it is dependent on the judgement of field geologists to ñjoin the dotsò and 

infer the conditions between the known sites (see Figure 2.2) 
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Box 2.1 Geological levels of aggregation in petroleum resource assessment 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.2: Illustration 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 drilling. Source: 

Attanasi and Coburn (2004). 

 

¶ Petroleum Well: A well may be are drilled to find, delineate and produce 

petroleum, with some wells being drilled to inject fluids to enhance the 

productivity of other wells. The URR of a producing well is typically 

calculated by extrapolation of its past production performance, using standard 

formulae for ñdecline curvesò (Abd-El Fattah, 1996; Huffman and Thompson, 

1994)  

¶ Petroleum Reservoir/Pool: A reservoir is a subsurface accumulation of oil 

and/or gas whether discovered or not, which is physically separated from other 

reservoirs and which has a single natural pressure system. Pool is an older term 

for reservoir and accumulation is an alternative term.  

¶ Petroleum Field: A field is an area consisting of a single reservoir or multiple 

reservoirs of oil and gas, all related to a single geological structure and/or 

stratigraphic feature. Individual reservoirs in a single field may be separated 

vertically by impervious strata or laterally by local geological barriers. When 

projected to the surface, the reservoirs within the field can form an 

approximately contiguous area that may be circumscribed. However, other 

sources define a field simply as a contiguous geographic area within which 

wells produce oil or gas. In either case, the boundary of a field may shift over 

time and two or more individual fields may merge into one larger field (Drew, 

1997). Oil fields are classified on the basis of their oil to gas ratio and may 

either be discovered (located by exploratory drilling), under development, 

producing or abandoned. The number of wells in a producing field may range 

from one to thousands.  
Sources: DECC(2009); Klett (2004); Magoon and Sanchez (1995) 
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Thus, starting with the largest quantity, we may choose to estimate the oil initially 

(/originally) in place (OIIP or OOIP), which is the total amount of oil in the reservoir, 

field or region under consideration. We then estimate the recovery factor, usually 

given as a percentage, which is the fraction of oil that is considered to be recoverable 

under defined conditions. We must therefore also define whether this is under current 

economic and technological conditions, or conditional on some future projection of 

oil prices and technological development. The product of OOIP and the recovery 

factor gives the estimated recoverable reserves. There are then different subcategories 

of reserves depending on our level of confidence in the estimates of OOIP and 

recovery factor (Section 2.3). The more accurate the information we have about the 

field or region, the more accurately engineers can estimate reserves and predict future 

production. The total volume of oil that is estimated to be producible from the region, 

from when production begins to when it ends, is termed the ultimately recoverable 

resource (URR). As with reserves, estimates of URR are contingent upon 

assumptions about technical feasibility 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 geologists can use to improve their 

estimates of the reservoir volume and characteristics, but this illustrates the 

uncertainty of the estimation procedure and the extent to which it relies upon expert 

judgment. Once production has begun from an individual well, and the rate of 

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

to a somewhat greater degree of confidence by extrapolating the rate of production 

using standard formula for ódecline curvesô (Abd-El Fattah, 1996; Arps, 1945; 

Chaudhry, 2003; Gray, 1960; Huffman and Thompson, 1994; Sorrell and Speirs, 

2009). While similar techniques can be applied at the field level, geological 

assessment may still be required to estimate reserves in adjacent areas that are not in 

contact with existing wells. Hence, in principle, all reserve estimates should be 

accompanied by a statement of how much confidence we have in the estimate, that is, 

the range of uncertainty or ñerrorò that may be expected. 
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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 Dromgoole (1992), Barss (1978). 

2.2 How can we estimate reserves? 

As described above, the process of estimation requires 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 extract. Finally, there is a more 

political decision regarding how much of the estimated 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 described below, 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 

government-controlled national oil company (NOC) own the resource/reserve in 

question. 

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 believed that geologically it is possible or likely that 

oil may occur. Next, 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 using the methods described in Figure 2.3. 

 

Following successful exploratory drilling, a judgment needs to be made regarding the 

extent and size of the discovered reservoir or field (Figure 2.2). Instead of one large 

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 field (Speers and 

Dromgoole, 1992). In addition, this judgment may change over time, with previously 

distinct fields being merged into a single, large field, and larger fields being broken 

down into smaller ones (Drew, 1997). The choice does not influence the total 

discovered volume but it does affect the historical record of the size of discovered 

fields (Rose, 2007) which in turn may influence forecasts of future discoveries, since 

these frequently rely upon such records (Sorrell and Speirs, 2009). 

2.2.2 Engineering assessment 

Using the geological data provided, petroleum engineers then estimate the recovery 

factor - the fraction of oil in place that can be produced from the field with the 

technology available (IEA, 2008; Speers and Dromgoole, 1992). Most definitions of 

reserves take into account existing technology but do not allow for future 

developments which may enable more efficient extraction. However, recovery factors 

have improved in the past and may be expected to continue 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 1979 (Davies and 

Weston, 2000). Some work has been done on predicting the increase in recovery 

factors on a semi-statistical basis (Klett, et al., 2005), although improvements in 

technology are inherently uncertain and the achievable recovery will ultimately be 

subject to physical constraints. As recovery factors can only be calculated to the 

accuracy to which we know 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 between primary recovery, where oil is produced 

under its own pressure; secondary recovery, where either water or water alternating 

with gas (termed WAG injection) is used to maintain pressure and sweep oil from the 

reservoir, and enhanced oil recovery (EOR), where sophisticated techniques that alter 
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the original properties of the oil are used. EOR typically adds something to the 

reservoir, such as gas, solvents, chemicals, microbes, directional boreholes or heat, 

with the aim of raising pressure, preventing water flow, reducing oil viscosity, or 

accessing isolated sections of the reservoir. Box 2.2 suumarises the most common 

types of EOR, although some of these, notably CO2 injection, are classified as 

secondary recovery techniques by some commentators. 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 reservoirs. Most success 

has been achieved with thermal methods in highly permeable 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: 

¶ Thermal methods introduce heat, typically in the form of steam to reduce viscosity, 

partially ócrackô heavy oil and/or increase pressure. They are particularly suitable for 

heavy oil but their use has declined since the mid-1980s.  

¶ Gaseous methods inject carbon dioxide, nitrogen or other gases at high pressure to reduce 

viscosity, achieve ómiscibilityô (a homogeneous solution), displace water, sustain pressure 

and mobilise a larger proportion of the oil. CO2 injection is the fastest growing form of 

EOR and is very effective for light oil. While many applications use natural sources of 

CO2, future projects may be linked to carbon capture and storage (CCS) technologies. 

¶ Chemical methods inject various compounds to reduce the óinterfacial tensionô between 

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

unpredictable, costly and sensitive to reservoir characteristics. 

 

The IEA (2008) use the example of the Weyburn field in Canada (see below) to illustrate 

what can be achieved with EOR ï in this case with additional vertical and horizontal drilling 

followed by CO2 injection. But it is not clear how widely this example can be reproduced.  

 

 
Source: IEA (2008); NPC (2007); Sandrea and Sandrea (2007). 

 

In general, recovery factors vary widely depending upon the type of rock in which the 

oil is found, its accessibility and the technology used. This is a critical area of 

uncertainty both in making single-field reserve estimates and in assessing global 

reserves and the future potential for reserve additions. The NPC (2007) suggest many 

potential advances in technology which could improve global average recovery 

factors from 35% to 50%. This would increase world reserves by about 1.2 trillion 
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barrels, or more than has been produced through to 2007. However, the IEA (2008) 

conclude that this will ñprobably take much longer than two decadesò to achieve. 

2.2.3 Economic assessment 

The next consideration is whether extraction of a resource is economically viable for 

the extractor - will it result in a profit? Many reserve definitions include a clause 

stating that the reserve must fulfil certain criteria ñunder existing economic and 

operating conditions" (BP, 2008; IEA, 2008; SEC, 2008). However, this is a partly 

subjective judgement which depends on the current and anticipated future price of oil 

and the estimated capital and operating costs of extraction. Hence, for the purposes of 

declaration, the estimate will depend in part on the current market price for the 

relevant type of crude oil. In order for an operator to make decisions about future 

investment, however, they may prefer to consider alternative definitions in the light of 

their own projections of the future oil price (Jesse 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 reserves. The definitions of reserves may 

vary and even when a single definition is used, the interpretations of these definitions 

vary, with many relying on highly subjective assessment of ñreasonable certaintyò 

rather than numerical estimates of probability. Even when these terms are precisely 

specified, the interpretation is not always either correct or consistent. The reporting 

standards may also vary from one country to another. For example, in the US oil 

companies are required to publish only the ñprovedò reserve estimates in which the 

company has a high level of confidence (SEC, 2008), whereas in the UK ñprovedò, 

ñprobableò and ñpossibleò estimates are all collated and made public by the 

government. Even within one country's figures, there may be much variation between 

different operators regarding methods of estimation; for example, the UK 

government's own website states that ñNorth Sea operators use a wide range of 

reserve and production estimation methodsò.  

 

In the absence of a clear, consistent and widely used international standard, the 

definitions and approaches to reserve estimation vary widely from one country to 

another (where they exist at all). OPEC defines and declares ñprovedò reserves 

according to the SPE (2007) definition, but since no external or third-party auditors 

are admitted, there is no way of verifying their figures. While OPEC countries hold 

the bulk of the world's oil reserves, their reserve estimates are widely contested 

(Deffeyes, 2005; Salameh, 2004). Other countries have their own legal rules and 

standards for estimation and declaration of reserves, and different methods for 

estimation are used by individual companies and petroleum operators (Arnott, 2004; 

Mitchell, 2004). This leads to considerable confusion about definitions and 

encourages the misinterpretation of reserve estimates. 

2.2.5 Political and market influences 

International oil companies (IOCs) should be largely unaffected by political 

considerations, but have a legal duty to their shareholders to maximise the return on 

investment. They are therefore subject to strong market incentives, since reserve 

estimates and the rate of reserve additions can affect their share price. The importance 

of reserve estimates is illustrated by the controversy in 2004 when Shell downgraded 
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20% of their ñprovedò reserves following reevaluation (Arnott, 2004). This led to a 

large fall in its share price, and eventually to the resignation of its chairman in June 

2005. 

 

National oil companies (NOCs), 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 definitions. For example, in the mid-late 1980's, reported 

proved reserves of OPEC countries increased by 80% - some 300 Gb (Bentley, et al., 

2007; Salameh, 2004). This was not due to the discovery of large new petroleum 

reserves, but a response to proposals by the OPEC Secretariat to link production 

quotas to reported reserves. The new figures cannot be conclusively said to be an 

overstatement of reserves, since there may have been both incentives to understate in 

the preceding years and improvements in recovery factors, but it does illustrate the 

scale of change that can occur due to changing incentives. Since the published reserve 

estimates of many OPEC countries have subsequently remained unchanged for 

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 companies will assess the geological, technological and economic 

conditions relevant to each of their undeveloped and producing fields and estimate the 

remaining reserves. These will be aggregated to the regional level and the estimate of 

ñproved reservesò will be booked into the company's accounts. This 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 reporting standard, 

which may require only ñreasonable certaintyò of the reserves' existence (SEC, 2008), 

and is not standardised between countries.  

 

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 OPEC. However, due 

to the requirement of a high degree of certainty of achieving that figure, it will almost 

always be an underestimate of the volume of oil that will ultimately be recovered 

(Ross, 1998). Thus, for strategic planning many companies also make a ñbest 

estimateò of how much oil they believe it will, in time, be technically feasible and 

economically viable to recover (Mitchell, 2004). This is generally known as the 

ñproved and probableò reserve estimate and is often further described as the amount 

of which production is ñas likely to exceed as to fall shortò. Further to that, some 

companies also consider a best-case scenario where all conditions prove favourable, 

and come up with a total estimate of ñproved, probable and possibleò reserves (SPE, 

2007). National oil companies are not subject to the restrictions of accounting 

standards and tend to publish only proved reserves figures (Arnott, 2004). The 

terminology is summarised in Table 2.1, along with some other commonly used 

terms. 



 

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

12 

Table 2.1 Deterministic and probabilistic terminologies associated with oil 

reserves estimation. 

Type of estimate Deterministic terminology 
Probabilistic 

terminology 
Statistical description 

Low ñProvedò: 1P P90 10
th
 percentile 

Best ñProved and probableò: 2P P50 Median 

High ñProved, probable and possible: 3P P10 90
th
 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 are all deterministic estimates, 

resulting from assigning one value to each input parameter and calculating a final 

estimate from this. The other approach to estimation is a probabilistic treatment, 

assigning definite probabilities to the input parameters and combining these within a 

Monte Carlo simulation or equivalent to find a range or probability distribution of 

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 estimates of the associated uncertainty 

(Jung, 1997; Rose, 2007). This 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 little or no 

exploratory drilling has been carried out and there is no history of oil production, the 

uncertainty may be very large (Speers and Dromgoole, 1992). At the regional level, 

estimates are usually produced by summing field-level estimates, which must be done 

with care. There is even greater uncertainty regarding undiscovered resources, 

although since these do not contribute to declared reserves they will not be considered 

here. 

 

The estimation and specification of the level of uncertainty in reserve estimates is 

important for several reasons: 

 

¶ The amount of recoverable oil directly determines the economic viability of a 

project. Developing an uneconomic field could be disastrous for a small oil 

company, while choosing not to develop good fields would hinder a company's 

progress. The probability of making either type of error needs to be estimated in 

advance before development decisions are made. 

¶ 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 protects the company as it will then be possible to quantify 

the risk involved in publishing the so-called ñbestò estimate. 

¶ Global oil reserves are economically crucial, but highly disputed, so the more 

information can be given about each estimate, the better governments and markets 

can respond to the availability of this resource. 

 

But despite this, probabilistic estimates appear to be the exception rather than the rule. 

3.2 Low/ñbestò/high estimates 

As described in Section 2.3, reserves are usually quoted with ñlow", ñbest", and 

ñhigh" estimates of recoverable petroleum quantities. In probabilistic terms, these are 

often identified with the ñP90ò, which has a 90% probability of being exceeded, 

ñP50ò, which has a 50% probability of being exceeded, and ñP10ò, which has only a 

10% probability of being exceeded (SPE, 2007). These quantities can be graphically 

determined from the cumulative probability distribution, as shown in Figure 3.1. 

 

Best estimates are easier to produce than low or high estimates, since the average 

properties are easier to estimate than outliers. But the interpretation of ñbestò 

estimates depends upon 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 distribution. 

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 

centre on the observation that the initial stage of geological assessment contains very 

large and more-or-less unquantifiable uncertainties. For example, a geologist may 

estimate the porosity as ñabout 4 or 5%ò, which is only one of a very large number of 

variables which must be considered, and immediately introduces an uncertainty of 

10% in calculations done with this figure. The 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 credibility 

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 peer-reviewed articles often contain serious mathematical errors 

or inconsistencies. Common errors are highlighted with some examples in the 

following sections. There is also much confusion regarding the appropriateness of 

different methods for analysing the statistical data available. It should be noted, 

however, that widespread confusion does not invalidate 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 useful data from behind the ñnoiseò 

introduced by subjective estimation. 

3.3.2 ñBestò estimates 

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

that ñThe best estimate shall be any of the mean (expected) value, the most probable 

(mode) value or the median (P50) value. It shall be stated which statistical measure 

has been used for the estimate.ò (UN, 2004) Other classification systems do not 
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specify the statistical definition of a `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 affect the results of calculations, in particular when field data 

is aggregated. The differences are best explained with the aid of a diagram (Figure 

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

different. 

 

The median is defined so that it is equally likely that the true figure is above or below 

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 likely - the median does not 

account for the possibility of a particularly large or small outcome, if the probability 

distribution is asymmetric. This may be preferred by small companies in possession 

of only one oil field, who are risk-averse and cannot afford to develop a field on the 

basis of a small probability of large returns, so prefer greater certainty. 

 

The statistical mode is defined as the most probable figure or range of estimates, or 

more intuitively the highest point of the distribution. By definition the mode is the 

most likely figure to be ñcorrectò (for the actual figure to fall within a range 

containing the mode rather than in any other equally-sized range of estimates). As 

with the median, the mode is not significantly affected by small probabilities of 

particularly large or small outcomes. Thus 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 (arithmetic) mean is defined as the average or expected figure if many 

choices were made in the same situation. If this is used consistently over many fields, 

it should be the most accurate predictor of actual reserve volumes. However, it may 

not be the most accurate predictor for an individual reservoir or field. Depending on 

the shape of the distributions, use of the mean estimate may be more likely to under- 

or over-estimate reserves. However, due to the magnitude of the under/over-

estimations, the regional total should still be well-predicted. For example if there is a 

small probability of extracting a very large amount of oil, then the mean will be 

skewed by this. If the estimation is performed many times for fields/resevoirs of the 

same characteristics, although the mean will overestimate in more cases than it 

underestimates, it will give an unbiased estimate of the total volume. This may be 

preferred by large companies in possession of a large number of fields/reservoirs, who 

are less affected by the risk from any one but are interested in accurately forecasting 

total reserve volumes over a large portfolio. It 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 is considerable confusion regarding whether different 2P 

estimates should be interpreted as a mode, a median or a mean. In both probabilistic 

(ñ50% probability of being exceededò) and deterministic (ñas likely as notò) 

definitions, there is an implicit choice of the median; however, in working with these 

definitions they are often added arithmetically, an approach that is only valid if they 

represent mean estimates (see below). This would represent a significant issue if the 

statistical distributions 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 distribution (Arps 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 different ï with the median lying below the mean. The 

appropriate form of the size distribution is a topic of controversy and the observed 

lognormal size distribution of many regions may result in part from smaller fields 

being underrepresented in the sample because they are not economic to develop 

(Attanasi and Drew, 1984; Drew, 1997; Drew, et 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 estimators themselves 

(accidentally or regardless of the definition) estimate the mean rather than the median, 

then there may be (an inadvertent) justification for identifying the 2P estimates with 

the mean. Some empirical data on the retrospective accuracy of estimation is shown 

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

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

the probability distribution is skewed to the left (Figure 3.1) then aggregate P50 

estimates could significantly underestimate true recoverable volumes (Pike, 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 and in general it is necessary to consider separately the shape of each 

distribution and the shape of the resultant when they are summed (Cronquist, 1991; 

Jung, 1997; Pike, 2006; Ross, 1998). 

 

For example, suppose one company owns reserves R1 which are estimated to have 

(P10, P50, P90) = (20, 10, 1) Gb (billion barrels) and another company owns reserves 

R2, also with (20, 10, 1) Gb, and the two companies then merge. It is not then 

generally true that the new company will have reserves (40, 20, 2) Gb - this is in fact 

an underestimate of the true P90, an overestimate of the true P10, and will only be a 

correct estimate of the P50 if this is equal to the mean, rather than the median.  

 

Pike (2006) provides an intuitive explanation of why the addition of P90 estimates 

lead to an underestimate of aggregate reserves with the example of two dice. If 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 97% (35 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 combined score exceeding two would be significantly 

underestimated (the probability is actually 97% and not 83%). In a similar manner, 

the sum of the 1P (P90) estimates of the oil reserves of two fields would be an 
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underestimate of the actual 1P figure for the two fields combined.
1
 Box 3.1 gives an 

alternative illustration using a continuous probability distribution. 

Box 3.1 What is the ñbestò estimate? 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The difficulties in 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 probability distributions of each set separately. There is a 90% chance of 

the first set R1 exceeding 1Gb and an independent 90% 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 

 

 

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

reservoir perform slightly worse and one reservoir a lot better. Thus, the chance of the 

total exceeding 2Gb is: 

 

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

                                                 
1
 Although helpful, this example is strictly incorrect because the ñP83ò of one die (the number which 

has an 83% or 5 in 6 chance of being exceeded) is not well-defined 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 the 

confusion and difficulty that may be engendered by the use of statistical concepts. 

Consider the incomes of a population of a developed country. There are some people 

who earn very little, a lot of people who earn a middling amount, and a very few very 

rich people who earn astronomical amounts. The mode of this distribution is the most 

common income bracket, which is likely to be middling. The median will be the income 

of the person whom half the population earns less and half the population earns more - 

again, probably quite a small figure since there are a lot of people earning a small 

amount and only a few people earning a large amount. The mean, on the other hand, is 

likely to be significantly larger, because one football player earning a million pounds a 

year ñbalances outò fifty people each earning Ã20,000. 

 

So, the choice of ñbestò estimate depends on what we are interested in knowing. If we 

wish to calculate the likely income in twenty years' time of a child picked at random, 

then we may get a more representative estimate by using the median, or P50 value. On 

the other hand, if we would like to know the total future contribution to the economy of 

all the children born in the country this year, then we would get a better estimate of their 

future earnings by using the mean. 

 

Similarly, the ñbestò choice with which to define reserves and subsequently predict 

future oil production will differ depending on who is making the estimate and for what 

purpose they intend to use it, in particular the level of aggregation. For this reason the 

use of a median is common for individual fields, but the mean may be more appropriate 

when considering global reserves. 



 

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

18 

ñ[P(R1 exceeds 1 Gb by X)* P(R2 falls short of 1 Gb by less than X)]dX 

 

=0.9*0.9 + a complicated integral 

 

The second term represents the degree of overlap of the two distributions. Even if a 

much-simplified choice of probability distribution causes the second term to be 0, the 

probability of both reservoirs R1 and R2 independently exceeding 1Gb is only 0.9 x 

0.9 = 0.81, but the total probability of the sum R1 + R2 exceeding 2Gb is greater than 

this because it is possible for one reservoir to be lower while the other is higher. A 

simple summation (which gives the probability of R1 + R2 exceeding 2Gb as 0.9) 

may be an over or underestimate according to the shape of the distributions. If a 

normal distribution is assumed, then it will be an underestimate. 

 

Alternatively, it may be the case 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 geological 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. In this case the above calculation is complicated by a 

weighting indicating how closely the two distributions are linked. 

 

This is important because at every stage of aggregation of reserves data it is usual for 

the figures simply to be added together. When P90 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 of the full probability distributions. 

Each addition increases the degree of underestimation, with the result that the global 

estimates are likely to be the most biased. Hence, not only do P90 estimates provide a 

conservative estimate of likely recoverable resources, 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 aggregating P10 estimates will be to overestimate the regional total, 

while the effect of aggregating P50 estimates will depend on the shape of the 

probability distributions. These will vary from one circumstance to another and are 

not well enough characterised to conclude either way. The 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 common agreement that where the term ñprovedò is used, it should 

correspond to P90 on the probabilistic scale (SEC, 2008; SPE, 2007; UN, 2004). 

However, one study of Canadian oil field re-evaluations (excluding the phenomenon 

of reserves growth, which is considered separately by Thompson and Speirs (2009) 

suggests that the de facto definition of ñproved reservesò as used by estimators is in 

fact closer to P60 (Jung, 1997), and a further study using US data suggests P65 
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(Laherrère, 2001). Large URR revisions of up to 70% are also shown by Speers and 

Dromgoole (1992) to occur commonly in proved reserve estimates for North Sea 

fields - and in both directions (Figure 3.2). Although the small dataset prevents a 

strong conclusion, it does not appear that 90% of estimates are exceeded. There are 

various comments to make on these observations: 

 

¶ 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. 

¶ However, 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. 

¶ Countries and professional bodies differ significantly in reporting standards 

(see Section 4), so any systematic error found to exist in one dataset is 

unlikely to be applicable to other figures. However, if the Canadian experience 

was followed in other jurisdictions, the net effect would be to reduce the 

degree of underestimation in both individual and aggregate P90 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 large revisions 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 introduced upon aggregation of field and country level data, but if the 

errors are random and evenly distributed, then they will effectively ñcancel outò and 

the aggregate data may still be accurate even though field-level data is unreliable. 

 

 

Figure 3.2 An analysis of proved reserve revisions in the North Sea. This 

demonstrates again the very large revisions in both directions which may be 

made to a field in the years following discovery. Source: Speers and Dromgoole 

(1992).} 


