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Preface

This report has been produced by the UK Energy

and Policy Assessment (TPA) func  tion.

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

This report f or ms part of the TPAGS a sfar eneass Aterm t of

physical constraints on global oil supply . The subject of this assessment was
chosen after consultation with energy sector stakeholder s and upon the
recommendation of the TPA Advisory Group, which is comprised of independent

experts from government, academia and the private sector. The assessment
addresses the following question:

What evidence is there to support the proposition that the global supply
of 6conventional oil 6 wild.l be constrained by
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 r eserve estimates
Nature and importance of reserves growth

Decline rates and depletion rates

Methods for estimating ultimately recoverable resources
Methods for forecasting future oil supply

N o g s e

Comparison of global supply forecasts

The assessment was led by t  he Sussex Energy Group (SEG) at the University of
Sussex, with contributions from the Centre for Energy Policy and Technology at
Imperial College, the Energy and Resources Group at the University of California
(Berkeley) and a number of independent consult ants. The assessment was
overseen by a panel of experts and is very wide ranging, reviewing more than
500 studies and reports from around the world.

Technical Report 7: Comparison of global oil supply forecasts compares and
evaluates fourteen contemporary forecasts of global oil supply , as well as
summarizing the lessons learnt from earlier forecasts . It identifies the
methodologies and assumptions that are used, assesses the strengths and
weaknesses of the associated models and draws attention to the diffe rence
between forecasts that see global conventional oil reaching a resource -limited
production peak before the year 2030 and those that forecast no such peak. In
particular, it  highlights the importance of the explicit or implicit assumptions
regarding th e URR of conventional oil and the aggregate post -peak production
decline rate and draw s some conclusions on the risk of a near -term pe ak global
production . A full summary of the reviewed forecasts is contained in a separate

Annex.
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Executive Summary

This report provides a detailedraparison and evaluation édurteencontemporary
forecasts of global oil supply:he forecasts are based upon mathematical models of
various levels of complexitygmbodying a wide range of modelling approaches and
assumptions. In addition, the views of twidb companies orthe likely adequacy of
future oil supplyare also summarised

Following an introduction, Sectiahdefines the key terms used, and discusses briefly
the types of data available in this area, the issue of data reliability, and some of the
common misconceptions that surround this topic.

Section 3 looks at a number luStoricalforecasts of global oil production in order to

set out the broader picture of how much was known in the past about future oil

supply. The main conclusionisthathos of t he early o&épeakingdo f
into account the demand responses to the oil price shocks of the 1970sebtad th

been factored in, these models mostly would have predicted the peak for the global
production of conventional oil as occurriagound 205 - 201Q The importance of

these early peaking forecasts has been largely overlooked until recently.

Section 4 is the heart of the report. Here ¢bhetemporary forecastse summarised
and compared, and the strengths and weaknasfséise asociated models and
assumptionsutlined.

Nine of the forecasts predict that a maximum will be reached in the global production

of oi l bef or e 20 8€SourcelTihmisn thea@nge rthatnt isisst 6
primarily, not by thevolumeof known and aticipated resources but by the physical

limits on therate that oil can be extracted. Such forecasts are tergedking

forecast@ Five other forecasts do not see a peak in global oil production before 2030,
although two foresee reachingpateauand hdd therefore that global production can

rise in line with demand up to that date. Because the forecast demand increases are
fairly steady, thes+diihekeawaisoviaso lold thatt er me d
there is no foreseeable peak.

The most impo#nt difference between the peaking and the gusesar forecasts lies

in how much production they anticipate from conventional oil fields over the period
to 2030. Conventional oil is the primary focus aststudy, although the assumptions
and forecastfor other liquids are also examined.

A second important difference between these two classes of forecast is the types of
non-conventional oil and substitute liquids that they include. Liquid fuels can be
derived from a variety of sources, including: @hsds, very heavy oils (such as from

the Orinoco basin in Venezuela), oil processed framh shalé Jiquefied gases
produced during the production of natural gas (NGLs), liquids produced by the
conversion of gas or coal (GTLs and CTLs), and biofuels. ridliyu models which
include these other sources of liquids, or which take a more optimistic view on their
rate of production, are less likely to see a peak in total liquids production than those
that exclude them, or estimate lower production rates oeemgdium term. Where
possible, we have clarified which types of liquids efachcastncludes.

The difference between tHerecass in terms ofthe production otonventional oil
arises from several reasons. In part this is because theligeasiforecats typically
assume a higher value for the total amount of conventional oil that can be recovered

UK Energy Research Centre UKERC/WP/TPA/2009/022
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(termed thedultimately recoverable resou@dJRR) than do the peakinfgrecass.

But the quaslinear forecass also tend to assume, sometimes explicitly imore

often implicitly, that when the decline in the global production of conventional olil
does occur, this will be at a higher rate than that assumed by most pieakirass.

This is an important idea, and is illustrated graphically. In addition, sbthe quasi
linearforecass make what appear to be optimistic assumptions about the rate that the
assumed URR of conventional oil can be accessed, and this is also discussed.

Section 5 summarises our conclusions. The main ones are:

1 On the current evidee, apeak in the global production of conventional oil
before 2030 appeavery likely and apeak before 2020 appears probable.

T A peak before 2030 i=iliokelrodalcs o ohoir c
conventional oil, NGLs, heavy oils, and oil froar sands).

1 Less well understood is the rate that alternative liquid foedht be brought
onstream, where #se includeoil from shale, GTLs, CTLs, and biofuels.
More researchs required in this area.

Overall, despite notable improvements in the last feears, both in the general
understanding of the topic, and in detailed modeling (especially of decline rates),
there remain many disagreements and misconceptions. We hope that this report may
help dispel some of these and shed light on the reasonhé&rs otVe judge that more
modeling effort and discussion is needed by all involved.

The Annex sets out the details of tf@erecastsmodels and views examined in this
report. For the quantitatiierecaststhese descriptions follow a common format. We
hawe aimed to havehe descriptions seen and approved by the creators of the models
in question. This has been possible for thirteen of the founeelels but for neither

of the two views.

UK Energy Research Centre UKERC/WP/TPA/2009/022



1. Introduction

There is a clear dichotomy in forecasts of the did@rls o i | supply. This ¢
existed for several decades, growing more obvious, until now there is a gulf between

those who believe that there are no insurmountabkupply difficulties before 2030,

and those who believe that the world is nearpatas even passed, the peak of oil

supply.

This report seeks to shed light on this dichotomy by conducting a detailed comparison
of fourteencurrentf or ecast s a i the fitureoof giobal od suppdy. This
survey forms part of a broader assesst of the evidence for global oil depletion,

carried out by the Technology and Policy Assessment (TPA) function of the UK
Energy Research Centre.

The specific objectives of this repare to:

1 Identify the most prominentforecasts of global oil supplyh&at have been
produced by different individuals and groupger the last five years

1 Summarise and compare the methodological approaches used by these studies,
and highlight both their similarities and differences, and any particular
strengths and weakrsss.

1 Summarise and compare the major results of each study, including the future
shape of the globadroduction cycleand the apparent sensitivity of the results
to key assumptions.

1 Highlight factors contributing to the differing results and, where passibl
assess their relative importance.

f Summari se and compare the key -apdumptio
studies, including factors such as the coverage of different hydrocarbons, the
ultimately recoverable resources (URR)Xifferent countries antegions, the
rates at whiclnewresources will be discovered and developed and the decline
rates for different regionsndtypes of field

1 Establish, as far as possible, the relative importance of these assumptions for
the results obtained by these stgdie

91 Draw broad conclusions on the risk of a rEam peak in global oil supply.

1 Identify priorities for further research in this area.

To conduct such a comparison, it is necessary to be clear about the meaning of
different terms. Hence Section 2 of theaod begins by defining key terms used, and
discussing the types of data available in this area. It also discusses the reliability of
thesedata and some of the common misconceptions that surround this topic.

Section 3 examines a number of past foreaafsggobal oil production in order to set

out the broader picture of how much was known in the past about future oil supply.

The main conclusion is that most of the e
account the demand responses to the oil prioekshof the 1970s. Had this been

UK Energy Research Centre UKERC/WP/TPA/2009/022
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factored in, these models mostly would have predicted the peak for the global
production of conventional oil as occurring around 20@®10. The importance of
these early peaking forecasts has been largely overlooked.

In Section 4 thefourteencontemporaryorecastsare summarised and compared, and
their strengths and weaknesses outlined. Attention is drathe tdifference between

the nine forecasts that see global conventional oil reaching a rediouted
productionpeak before the year 2030 and the five forecasts that predict no such peak
To help understand this difference, an approach is introducahtrast explicitly the

key assumptions of thi@recass, where these are sometimes implicit. This approach
places each forecastin a parameter space defined by the assumednplied
ultimately recoverable resource (URR) for conventional oil, and by the assumed
implied postpeak production decline rate. In such a spagedgement can be made

as to the likelihoof the values chosen or required for etarlecast

This sectionalso discussesvhether some of theéguastlinea® forecass make
excessively optimistiassumptionsabout therate at which the assumed URR of
conventional oil can be accessed.

Section 5 smmarises the conclusions. The most important ones are that:

a) Despite wide differences in methodology, there is some evidence of a
convergence in supply forecasts.

b) The differencexan be linkedorimarily to the assumed or implied valuks
the global URRfor conventional oil and/or theggregateate of decline in
production following the peak. All other differences are either comparatively
minor or are components of these two parameters.

c) In our view, the balance of current evidence suggests that a peak i
conventional oil supply before 2030 very likely and peak before 2020s
probable.

A detailed summary of each of therecasts andhodels reviewed is contained time
Annex.
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1 Definitions, data sources and limitations

1.1 Definitions

In discussing the peadf global oil production, there is often considerable confusion

about the meaning of different terms. This is frequently because there is no standard
definition of these terms which means they may be given different interpretations by

different authors. Inthe case of reserves, for example, the lack of clarity in

di stinguishing between O6proved reserveso
driven much of the disagreement over this tqentley, et al, 2007) To a lesser

extent, uncertainty aboutr twihaul arsl yi nicd cundveed
oi |l 6, has also contributed to the differe
definitions used in this report are summarised and clarified below.

Note that some special usages are introduced in this report in an attentptlariy
to the analyses. These are highlighted at the end of this section.

API gravity: The API is the American Petroleum Institute. API gravity, measured in
degrees, is the eihdustry measure otrude oil specific gravity. By
definition, API gravity= (141.5/specific gravity at 60°F)131.5. The API
gravity rises as the specific gravity falls. Definitions vary, but light oil is
often taken as > 31° API, medium oil as 235 API, heavy oil as 10
22.5° API, and extrheavy oil as <10° API. Heavy oilare typically
extremely viscous, and may not flow undermal conditions.

Barrel:  The usual measure of oil, = 42 US gallons = 158.76 litres. One cubic metre
= about 6.3 barrelg). The weight of a barrel of oil depends upon A
gravity of the oil. One tonne of medium gravity oil is about 7.3 barrels but
heavy oil can be 6.0 barrels per tonne and light oil as much as 8.0. The
abbreviatiorused herés b, but Ibl is very commonly used.he associated
abbreviations used in this report are

b/d: barrek per day
kb thousand barrels
mb million barrels
Gb billion barrels
Basinn A depression in the earthos crust, S

sedimentary or volcanic rock. The subsidence and burial within a basin of
sediments containing organic rietresults in the generation étroleum

Biofuel: Synthetic fuels made from biomass (the term strictly includes gaseous as
well as liquid fuels, but is used here only for liquids). The commonest
liquids are ethanol, produced by fermentation of sugataych, and plant
oils, extracted from various seeds, nuts or algaalulosic ethanolis
produced using cellulose as a feedstock.

Boe: The barrel of oil equivalent (boe) is a unit of energy measure
corresponding to the standardised gross heat conteatbarrel of oil
(6.1178 x 18 J or ~1700kWh). This is commonly used to combirieand
gas data into a single measure. However, heat content may either be
measured on a gross or net basis, with #88o7difference between the
two corresponding to the heat that could be released by condensing the
wate generated during combustion. Unfortunately, when data are reported

UK Energy Research Centre UKERC/WP/TPA/2009/022
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on a heat content basis, it is not always clear which definition is being
used.

6Botumén model s: Those models of gl obal oi |l
production from smalle units, typically individual fields or countries.
These individual forecasts are then compiled to form a global model. In
contraslowndt onpdel s typically esti mat
parameters for oil, such as globERR and decline rates, and the
extrapolate future production from these estimates.

Cellulosic ethanol: sebiofuel Cellulose can be a waste product of agriculture and
forestry, making it a cheap biofuel feedstock that may not displace food
crops, although making ethanol from celldamnay compete with the use
of cellulose as a solid fuel.

CondensateThe extraction of natural gas may yield a product which is liquid at
surface temperature and pressure, referred to as condensate, or lease
condensate. Condensate is usually removed todaw® condensation

within natur al gas pipelines. Condensa
is typically remixed with the crude oil stream and hence is rarely recorded
separately i n t he production -dat a. C

associ atgasifiom gaawellsrmay either be recorded separately or
included in the data faoratural gas liquidgNGLS).

Conventional oil: Since there is no consensus on this term it can be a major source of
confusion. The definition proposed herein meets two ndedsncompass
the separate categories of oil as used by some models, and to differentiate
conventional oil from thenon-conventionaloils, which may have quite
different characteristic rates of production anmoduction cycls.
Conventional oil is therefe taken in this report tinclude crude oil
condensat@andNGLSs and toexcludeoil sands oil shale and extrheavy
oil (nortconventional oils Some authors also exclude NGLs because
these are used more as chemical feedstock or as liquefied gas than as
transport fuels, and the report notes where this is the case.

Crude oil: Naturally occurring liquid hydrocarbon oil, produced by natural processes
underground at elevated temperatures and pressures, from organic
materials originally incorporated in sedmtary rocks. It may occur
associated withnatural gas Crude oil is generally classed as light,
medium or heavy (seAPI gravity), and as sweet or sour depending on
how much sulphur is present. Light oil is more valuable than heavy oill,
because it produsethe highest yield of gasoline and other fuels when
refined.

CTL: Coalto-liquids, is the term used for synthetic liquid fuels made from coal.

Cumulative discoveries: An estimate of the total quantity of oil that has been
discovered in a region from whethe first discovery was made to the
present day. This represents the sum of cumulative production and
declared reserves.

Cumulative production: The total quantity of oil that has been produced fifaetd a
or region from when production began to the prasiay.

UK Energy Research Centre UKERC/WP/TPA/2009/022
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Decline: This ambiguous term is a frequent source of confudimtline refers to
the reduction over time in the production of oil from a well, a field, a
group of fields or a region. Production from a well or field normally builds
to a peak oplateau, after which it generally declines steadily, largely due
to pressure | oss. The rate of decline
physics of the reservoir and the produ
which may mean restricting the flow frothe field, but more usually
means slowing the rate of decline by applying additional investment for
EOR reservoir management and/or production equipment.

Decline in a region is more complex, as there may be fields in the region

still i-op 6ptaeau@hases)pnd new fields yet to be brought on

stream, as well as existing fields already in decline. If production from the
whole region is in decline, we call
declinebo, or total pr oducetcilam ede c Iwihreer

applied to a group of fields or region, should be viewed with caution, as
the author may intend either the average of only those fields already in
decline, or the average production from all fields in the region, including
those ramping upnd yet to come on stream.

Depletion:Depletion is the drawing down by production of a resource, assumed to be
fixed. When specified as a percentage, depletion is the portion of the
estimatedultimately recoverable resouraehich has been produced.

Depletion rate: the annual rate at which tlenaining recoverable resourcese
being producedit is defined as the ratio of annual production to some
estimate of remaining recoverable resources. For an individual field the
latter may be proved reserves ooyed and probable reserves, while for a
region it may also include the y&t-find (YTH. When defined in relation
to provedreservesthe depletion rate is the inverse of the commonly used
06reserve to pr oAluxd i ®oamd tRi/ rRatdakead li loed
rat ed orrdotwme r@dredw

Discovery: This general term is more specifically interpreted as the rate of discovery,
or the amount of oil discovered over a specified period of time. Regional
or global oil discovery is commonly quantified in wh barrels per year.
Estimates of the rate of discovery are greatly complicated by the
phenomenon afeserves growth

Energy intensity: Taken here to refer to primary energy demand on a heat equivalent
basis per unit of real GDP (Gross Domestic Product).

EOR: Enhanced Oil Recovery, alsbmetimescalled tertiary recovery. Under
primary oil recovery, oil flows naturally to the surface because of the
pressure in the reservoir. During secondary recovery, pumps must be used,
and/or reservoir pressure must inereased by injecting water or gas.
Tertiary recovery EOR techniques are intended to raise pressure again, to
prevent water flow, to reduce olil viscosity, or to access isolated sections of
the reservoir. EOR typically adds something to the reseruaih) as gas,
solvents, chemicals, microbes, directional boreholes or heat. Note that the
definitions of secondarytertiary and enhanced oitecovery vary by
authority.

UK Energy Research Centre UKERC/WP/TPA/2009/022
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EROI: Energy Return On Iresstment The direct and indirect energy consumption
requiredto find and exploit oil resources is significant and growing. It
includes, for example, the energy involved in mining amelting iron ore
into steel, the energy used in activities such as drilling, pumping, refining
and transport, and the energy consurbgdhe workforce involved. For
very small or hard to access deposits, it is possible that this energy
consumption may exceed the amount of energy recovered from the
petroleum. In principle, this could set a limit on the development on such
resources. Buthe practical limit will depend upon the relative mix of
different energy carriers (which have different market prices) and the
extent to which markets adequately reflect these direct and indirect energy
costs.

Fallow field: In this report, a fallow fielts defined as one that has been discovered
but is not presently scheduled for development.

GTL: Gasto-liquids, is the term used for synthetic liquid fuels made from
natural gas.

Hydrocarbon: Any molecular species consisting entirely of carbon and leydrog
atoms.Petroleumis primarily a mixture of hydrocarbon molecules, but it
may also contain small amounts igfpurities such agxygen, nitrogen,
sulphurandvanadium.

Liquids: This report uses liquids as an -allcompassing term for liquid
hydrocarbon @ad related fuels, includingconventional oil, non
conventional oilbiofuelsandsynfuelsThe term excludes hydrogen.

Model: A model, in the context of this report, is a set of concepts, typically
expressed in mathematical form, which explains selectsdretions and
permits predictions or forecasts to be made.

Natural gas: Natural gas is primarily methane, but may include varying amounts of
ethane, propane, butane and pentane. These heavier molecules are
removed adNGLs (see below) before use by consmn There are also
often contaminant gases such as nitrogen, carbon dioxide, helium, or
hydrogen sulphideGas produced independently is
associatedd while gas produced duri ng
referred to as dassociatedo.

NGLs: Natural gas liquids. These are hydrocarbon gases heavier than methane
which are found imatural gas They are all gaseous at room temperature
and pressure. They are primarily used as chemical feedstock and liquefied
gas fuels, rather than transpfuréls, but many analysts include NGLs as a
component ofconventional oil The Norwegian Petroleum Directorate
defines NGLs to include propylene and butylene (components of liquefied
petroleum gas- LPG) and other heavy molecules from natural gas
processig.

Non-conventional oil: In this report, we take roanventional oil to include extra
heavy oil,o0il sandsand oil shales. The definition excluddsofuelsand
synfuels

Oil: In this report we take oil to include both conventional oil and-non
conventiomal oil. It thereforeincludescrude oil condensateNGLS extra

UK Energy Research Centre UKERC/WP/TPA/2009/022



7

heavy oil (high viscosity)il sandsandoil shalesWe specificallyexclud_e
biofuelsand synthetic fuelssynfuel} made from coal or gas.

Oil sand (also bitumen sand): Sandstone impreghatth immobile heavy or extra
heavy oil . Ol mmobil ed means that this
viscous. It is produced either by opesist mining or by steam injection
(such as SAGDi Steam Assisted Gravity Drainage) to reduce the
viscosity. The resulting bitumen may be marketed directly or upgraded to a
synthetic crude oilgyncrudé for further refining.

Peak oil: The point of the highest annual production of oil from a region. A
production peak can occur for several reasons, butinthissmep 6 peak oi |
is taken to reflect the point at which the rate of production begins to fall
due to physical depletion of the resource. However, the physical
determinants of peak oil are invariably mediated by technical, economic
and political factoravhich can make the physical origins of a production
peak difficult to establish.

PetroleumL i t er al | vy 60rock oi | 6, petroleum is t
occurring hydrocarbon species, including gases, liquids and solids
(bitumen).

Plateau production:df a field, this is the period of maximum production, when the
field produces oil at a relatively uniform rate. The precise peak will occur
somewhere during this time. Plateau production is generally set by the
capacity of the surface facilities, and amndency to oveproduce is
restrained. The pressure in the field will start to decline almost
immediately, but the early stages of the consequent production decline can
be offset by reducing the restraints, until all wells are operating at full but

decining capacity. The field then comes
abruptly.
Play: A conceptual or actual set of geological conditions which may result in an

oil deposit. A play will generally specify the proposed source rock in
which oil was generated, thgorous and permeable migration pathway
through which the oil may have moved (generally upwards) to the
reservoir, a porous and permeable reservoir rock in which it may have
accumulated, a seal (an impermeable layer of rock) overlying the reservoir,
and finally a structure which produces a high point in the reservoir, where
the oil may have accumulated, being unable to migrate further upwards.

Production: This general term may be more specifically interpreted asatthef
production or the amount of oproduced over a specified period of time.
Regional or global oil production is commonly measured in million barrels
per day, or billion barrels per year

Production cycleA graph of the rate of production against time elapgddo termed
production profie.

Regularoil: This term is used by Campbell to refer to thdsset ofconventional oil
which excludes heavy oiNGLs and oil from polar and deepater fields.

Remaining recoverable resourcesieEconomically recoverablesources that have
yet to beproducedrom a field or region. Defined as the sumregerves
anticipated futureeserves growtland anticipategetto-find. Put another
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way, the yet to produce is given by the URR minus the cumulative
production. As with reserves, remaining recovemlresources may be
estimated to differing levels of confidenc&ome authors use the
alternat ve term 0 yet to producebo.

Reserve: That oil which is discovered and is available for production. Reserves are
commonlycategorised into three probability rangs. These are variously
described as Proved, Probable and Possible; 1P, 2P and 3P: (Where
proved 2P = proved + probabteand 3P= proved + probable + possible);
or P90, P50 and P10 (i.e. as having a 90%, 50% and 10% probability of
being achieved). Aere is no direct correlation between these rankings,
although 2P oO0proved plus probabl ebd
P50. Estimates of proved reserves need to be handled with great caution
since then probabilistic interpretation can vary widégpending on the
dataset being used and the countries to which they refer.

Reserves growth: Estimates of the size of individual fields often increase over time as
a result of improved recovery factors, the physical expansion of fields, the
discovery of ew reservoirs within fields, the 4@valuation of estimates in
the light of production experience, improved fiscal regimes and other

factors. This procesrssennesgrogta nalrahodyghmef
it would be more aumlativeati slcyvdegcmoi loevd

since it is the estimates ofumulative discovery (i.e. cumulative
production plus declared reserves) that grows, rather than the reserves
themselves(indeed, reserves may reduce in size while cumulative
discovery to continue to gw). A significant proportion of the observed
reserves growttmay result from conservative reporting of the size of
newly discovered fields, or from regulations specifying what can be
defined as O6provedd reserves.

Resource: This term has been used ambigjyan the literature. By definition, an oil
resource is an accumulation which, under justifiable technical and
economic conditions, might become economically extractable. If there are
no reasonable prospects for eventual economic extraction, the oit is no
strictly a resource. However, the term is also sometimes used to mean
reserves, and most frequently to mean the totaingplace in a region,
whether discovered or not, or recoverable or not. In this report we use the
latter definition.

Resourcdimited: This term is used here to describe the case where the rate of olil
production from a region is limited by the physical depletion of the
resource, as opposed to being restricted by choice (e.g. to abide by a
guota); se®eak oll

R/P ratio: R/P ratio = Rserves divided by annual production. Arithmetically, it
states how many years the current reserves would last at current
production rates. It must be remembered that for conventionaheil
production ratefrom current reservesannot be held constanorf this
length of time under any realistic circumstances (&ating.

Syncrude:Syncrude Canada Ltd. is a Canadian company which produces a synthetic
crude oil, also often loosely referred to as syncrude, from the bitumen in
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Canadiaroil sands Syncrudecan be handled, pumped, piped and refined
much as conventionatude oil

Synfuels: We use the term synfuel, or synthetic fuel, to cover liquid fuels made from

coal CTL) or gas GTL).

Top-down models: Selottomup models

URR:

YTF:

Ultimate Recoverable Rsource. The estimated amount of oil that is
considered to be technically and economically recoverable from a region
over its full production cycle (i.e., from when production begins to when it
finally ends). The URR is given by the sum of cumulative prodagcthe
declared reserves at known fields, the anticipated future growth of those
reserves and the estimated YTF. In principle, estimates of URR imply
associated assumptions about technical and economic conditions, with
improved technology and higher ges leading to higher estimates.

Yet-to-find oil is the quantity of oil which it is thought remains to be
discovered. Most authors (and this report) restrict YTF to the recoverable
fraction of undiscovered oil, but some do not, and care should &e. tak

Yet-to-produce: The estimated amount of economically recoverable oil that remains

to be produced from a region. It is given by the sum of declared reserves at
known fields, the anticipated future growth of those reserves and the
estimated YTF. Put ano¢r way, the yet to produce is given by the URR
minus the cumulative production. Some authors use the alterriatm
6remaining resourcesao.

The terms given special usage in this report are therefore as follows:

T

Conventional oil Natural crude oil, condensateand NGLs. It excludesoil
sands, oil shales, extrdneavy oil, biofuels and synfuels

Non-conventional oil Extra extra-heavy oil, oil sands and oil shales. It
excludeshiofuels and synfuels Non-conventional oil is sometimes referred
to as unconventonal oil.

All-Oil: The combination of conventional oil and norconventional oil.

Liquids: All liquid hydrocarbon and alcohol fuels, and so includes oil,
biofuels and synfuels It excludes hydrogen.

Resource Total oil-in-place in a region, whether discowed or not, or
recoverable or not.

Decline rate This term must distinguish between natural, managed, and
aggregate decline. The latter term can include existing fields which are
ramping-up or on plateau, plus new fields yet to come on stream.
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1.2 Data sources and key measures

This section discusses the key data required for oil supply forecasting, the sources of
these data and some relevant measures derived from the data.

When the rate of oil production in a region is plotted against time, the area under the
curve is the quantity of oil that has been produced in the region. When this curve is
plotted over the full production cycle, from when production begins to when it finally
ends, the area under the curve representsitimeately recoverable resourcgRR).

Such curves are frequently assumed (and often observed) to rise to a single peak and
then to decline. However, production cycles withteaus or withwo or more peaks

are alsambserved

The production cycle for conventional oil supply is thus constchiny the slopes of

the curve and the area under the curve; or in other words by the growth and decline of
supply and the URR. But while the basic shape of the curve is constrained by
geology, it can be modified to varying degrees by politics, economitteahnology.

Key variables relevant to production cycee therefore the past and present oll
production rates (which determine the slope upwards), the field or regional production
decline rates (which influence the slope downwards), and the estimiidAl any

point in time, the latter represents the sum of cumulative production, declared
reservesanticipatedeserves growtandthe estimated yeb-find resources (YTFE)

There are relatively few primary sources of data on production and reserviés. Wh
production data are generally more reliable and widely available than reserves data,
they are by no means free of inconsistencies. Relatively little data are available in the
public domain on decline rates arekerves growthwhile both YTF and the UR

have to be estimated by a variety of means Ts®bnical Report)6 The differences
between supply forecasts usually result from very different assumptiatether
explicit or implicit- about these fundamental variables.

Models of oil supply may or ay not be combined with models of oil demand. The
latter, in turn, may either be modelled at a very aggregate level or broken down into
individual regions and fuel engses. At a minimum, detailed demand modelling
requires data and assumptions about pajmagrowth, gross domestic product
(GDP), energy intensity, oil prices and price elasticities. These paramedgrb¥e
derived from various data sources, econometric studpsion and modelling.

1.2.1 Annual oil production

There are several primary sourcdsdata on oil production, but at the global and
national level, none of these agree. The sources include:

1 Commercial databases. The databases ofHH&gyare perhaps the single most
comprehensive sources of data, listing past and present productioesandes
for almost all fields in the world, but the cost of a subscription restricts access to
the largest companies and organisations. Other commercial databases are available
(e. g. Wo o d Mackenziebs O6PathFinder 6) anec
compehensi ve. |l HS al so supplies an aggrega
which is available at lower cost.
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1 TheBP Statistical Review of World Enerigya free annual publication each June
that gives national totals for petroleum consumption, productidrreserves. It is
a compilation of data from primary official sources and tipiadty data.

1 TheOil and Gas Journa{OGJ) provides an annual table in December of national
reserves and production data. Some production data are listed by field.

1 IEA (Interngional Energy Agency) and the US EIA (Energy Information
Administration) both provide free dme monthly estimates of national oil
productior!. IEA data are also reported\iorld Oil magaziné

Table 1.1 illustrates some of theariability between common sources of global oil
production data. Most of this variation arises from using different primary data
sources and from the inclusion or exclusion of different liquids, including in particular
condensate and NGL production. Lexseffects may arise from produced petroleum
being burned directly during production, from bitumen production, or from oil
upgrading and refining that result in refinery gains or losSesTechnical Report 1

of this UKERC study for more information ontdaources and associated issues.

Table 1.1 Comparisons of data for annual average daily global oil production
(million b/d)

Source 2005 2006 2007

Oil & Gas Journal 72.4 72.6 72.2
BP 81.3 81.7 81.5

EIA 84.6 84.5 84.4

IEA® 84.4 85.1 85.5

1.2.2 Oil reserves and resources

Despite a number of official definitions for reserves and resourcesTsgwical
Report 20of this study), there is unfortunately still a great deal of ambiguity about
these terms. In general, reserve is a petroleum deposit that is thought to be
commercial now or in the future under reasonably likely circumstances. A resource is
taken in this report as the total amount of physical petroleum in place, whether
discovered or not, and whether recal®e or not.

Reserves are generally expressed as: proved, probable and possible; 1P, 2P and 3P
(where 1P means proved, 2P means proved plus probable, and 3P means proved plus
probable plus possible); or P90, P50 and P10 (indicating a 90%, 50% and 10%
probability of reaching or exceeding this value).

IHS Energyagain provides the most comprehensive global database cbyididld
estimates of 1P, 2P and 3P reserves, drawn from a wide range of sources including
their own private sources, but other comomedrdatabases also have useful daxa.

and Gas JournaandWorld Oil publish reported proved (i.e. 1P) reserves data, which
are generally supplied on a country by country basis by national authorities.

! http://omrpublic.iea.org/supplysearch.asbttp://www.eia.doe.gov/ipm/supply.html
2 http:/Avww.worldoil.com/INFOCENTER/STATISTICS DETAIL.asp?Statfile=_worldoilproduction
3 Averaged from monthly data in IEA Monthly Oil Market Repdrttp://omrpublic.iea.org/
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Unfortunately there is no consistency in the d&bni of proved reserves as used by
these authorities. Official primary data are also collated amiilbéshed by BPdp.

cit.). The latter publication is widely cited as a source, but it is not a primary source,
and its reserves data need to be used eaittion.

An error is sometimes made in the assessment of reserves when statistical estimates of
individual field reserves are summed to give a regional or country total, or when
country totals are summed to give a world total. P50 values can be adddly threc
obtain a correct overall value, but P90 (or P10) data, for example, must be added
using a probability distribution as recently highlighted by Pike (Z0@&eTechnical

Report J.

There is particular uncertainty about both the definition andetimbility of national

data from OPEC Middle Eastern states. Large upward revisions to the declared
reserves started in 1985, whiére OPEC production quotas were bemggotiated

The quotas were based, in part, on the proved reserves of each stateATdisol

not &94hey [OPEC declared reserves] were driven by negotiations at that time

over production quotas and have little to do with the discovery of new reserves or

physical appraisal work on discovered fieldd The r emar kable incre
1987 were then followed by an equally remarkable lack of variation since that time,

despite ongoing production.

Countries with the greatest reserves have no incentive to publish correct data or
supporting data, or to allow an independaundit. Should we accephtat Saudi Arabia

has really replaced each year as many barrels as it has produced, so that their claimed
reserves are unchanged? Moreover, how can we assess other OPEC r€serize€?0 s
reported reserves are now variously regarded by different analyste d9° reserves,

or as 2P reserves, as original-ioplace, or as original proved reseryeplace

This uncertainty results from the absence of reliable, audited data and reflects
concerns abouthe potential distortions designed to raise the nasibiproduction

quota.

Data concerning reserves growth come primarily from studies of US fields. While
there are some data for other regions, the topic is difficult to investigate owing to a
lack of suitable fieldevel databases containing historic assesssneof past
production and remaining reserves. Reserves growth is analysed in déthimcal
Report 3of this UKERC study, and is also discus$adher below

1.2.3 Yet-to-Find (YTF) and Ultimately Recoverable Resource
(URR)
The most comprehensive and coomty cited, countryby-country, global YTF
assessments are those published by the US Geological Survey (UBGH)
Petroleum Assessmenigth the assessment published in 2000 being the most recent,
reflecting data up to 199®JSGS, 200Q)This forecast gives a mean value of 724 Gb
of undiscovered oi l resceurhee potendliwdi ntgo M
to reserves i n (i.e bawean exd995 8n@ 2025¢ amplgig an
average discovery rate (@GLs) ower this period of about 24 Gb/year. This

‘However, t hat Pi keds main contention, t hat gl obal prove
correct This is because published estimates of proved reserves do not always correspond to P90 reserves. For
exampl e, in some OPEC countries the official proved r esEe

held in industry datasets. Moreover, theblmshed global value for proved resenissclose to the IHS Energy
figure for global 2P reserves.
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conclusionhas beercriticised for undue optimism, ara subsequent review by the
USGS in 2005 revealed that only 11% of their forecast YTF outside the US had
subsequently been discovered, after the passage of P assessed time frame
(Klett, et al, 2005) However, this may be an underestimate of the actual volume of
discoveries becausedbes not allow for futureeserves growtlat those fields. Also,
epr(5)2a7tion has been restricted over this period in a number of areas, most notably in
Irag.

The URR, or the ultimate recoverable resource of oil, could be estimatedieom
sum of cumiative production, known reserves (2P or P50 as appropriate) and the
YTF. But this estimate is complicated by economic considerations, because the future
price that the market is prepared to pay forwill affect whether or not some
marginally economic iélds contribute to the URR. It is further complicated by
Geservesgrowth at known f i el -dtleast lustoricallghavedeely f i el d:
found to produce more oil than their originally declared reserves. While estimates of
the URR for a region stuld, in principle, allow for futureeserves growththere is

very little data on this issui at least for regions outside the USIso, most data
refers to thegrowth in 1P reservesnd hence may not provide a reliable indicator of
the growth in 2P resees.

The USGS 2000 assessment was the ofstheir assessment® apply reserve
growth on a global scale. It used the historical experiencerestérves growtin US

oil fields to estimate futureeserves growtin fields outside the US. This procesas
estimated to have the potential ¢ontribute 730 Gb to global reserve additions
(including NGLs) between ent995 and 2025, or almost as much as new discoveries
over that period.

While the US data applied to field size estimates based upon 1P sdbe/&SGS

data for the rest of the world incorporated field size estimates based upon 2P reserves.

Hence, the experience with the former may not be applicable to the latter. The USGS
approach was widely criticised, on the grounds that US reserves ameddeéry
restrictively by US cempppyoyriad. bPnley t hert
production or c o n & maysbe deelarefl provedaforiamyrfieldt e st 0
Critics have argued that although large reserves could often be known very early

during ploration and development, on good geological and technical grounds, only

those parts of the field within production range of a well could be included in official

reserves statistics. As more wells were drilled, so more reserves were declared, and

t hreseréesgrowth appeared. But the same process n
world.

While these criticisms of the USGS approach appear reasonablsyubsequent
evaluation of the USGS forecasts sugg#stt theirreserves growtlassumptions are
proving farly accurate(Klett, et al, 2005) This study found that 28% of the USGS
estimate ofreserves growtlpotentialhad been realisedn 27% of theforecast time
horizon (19982025) Further evidence in favour of the USGS assumptions is

5 The USGS report in 2000 estimated that mean YTF as of 1995 comprised 649 Gb oil and 207 Gb NGL from
outside the US, and 76 Gb oil and 8 Gb NGLs from withenUS. In 2005 the USGS reported that up to end 2003,

69 Gb of oil had been discovered outside the US, a finding rate of 1.4% p.a.. If this finding rate applies to all oil
categories, then we calculate that as of end 2008, the remaining global meacc¥iithng to the USGS would be

603 Gb oil and 179 Gb NGLs.

5 SeeTechnical Report 5f this study for a detailed discussion of the USGS assessment.

" Latest (en€2007) IHS Energy data indicate that about 21% of the USGS2#Hr assessment global mean YTF

of 940 Gb (incl. NGLs) has been discovered in 12 years (40%) of thead@eriod from 1996.

8 http://www.sec.gov/divisions/corpfin/quidance/cfoilgasinterps.htm
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presented imMechnical Report ®f this study However, the global total faeserves
growthis strongly influenced byeserves growtin those countries vére the reserves
data is least reliable.

There is no doubt that in many fields n&ehnology has improved, and will further

improve, recovery factors, making more oil accessibleoh® disputes the reality of

reserves growtlcaused by technology (essefly EOR), and while the ultimate

potential of such technology remains uncertain, it could significantly increase the
global URR. Howeverthis increased recovery is often obtained relatively late in a
fieldds | ife when t he velyddweHemcé, thpexterdtoct i on
which the deployment of technology can significantly affect the date of global peak
productionremainsan open question.

1.2.4 Reserve to production (R/P) ratios

R/P is the ratio of current reserves (however defined) to the camantl production
rate. Itis frequently interpreted ahe number of years of supply that remains at
current production rates. THP Statistical Review of World Energy publishesual
countryby-country estimatesased upon proved reserves

R/P ratiosareoften cited as evidence of sufficient supply. An R/P ratio that stays the
same for some years has often been taken as evidence that new discoveries are only
being converted into proved reserves as and when required, hence there is no
shortage. Equallythe global R/P ratio of 41 years has often been quoted as evidence
that the world has large reserves and cannot therefore have a looming supply problem.

Emphatically, the R/P ratio does not indicate that the current annual supply can be
maintained for tB number of years indicated, because production from every
conventional oil field declines after reaching a peak or plateau. Regrettably this is
often forgotten, ignored or unknowDespite their widespread ude/P ratiosarenot

a reliable indicator ofuture production.

R/P ratios and their changes provide no guidance to what is going on within a region,
in part because two unrelated variables are involved. Mature provinces often reach a
relatively stable R/P ratio, and it surprises some observersligerteat this happens
while both reserves and production are falling. This is shoviAigare 1.1, wherethe

US, UK and Norwayshow flat or slightly rising R/P ratios since 2000, despite
declining reserves and production in eveage.

Simple numerical modellingsuggeststhat provinces will generally approach a
condition where production, reserves and new discoveries steadily decline, and R/P
remains almost constant. If the annual production in a region is a fixed percentage of
the existing reserves, and no new discoveries are made, then the R/P ratio and the
production decline rate remain constant while reserves and production fdikeby
same proportion each year.
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Figure 1.1 Provedreserve to production ratios in postpeak regions
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Source BP (2008) ) ) )
Note The US peaked in 1970, the UK in 1999 and Norway in 2001.

Even when new discoveries are still being made, at an exponentially declitéeng ra
each year, the R/P ratio still remains almost constant, although at a slightly higher
level than before. In this case the aggregate production decline rate is significantly
less than the average field decline rate, which is an important point. Toaikust
suppose that production is 10% of the remaining reserves each year, and the discovery
rate always falls by 10% annually. In this case, the R/P ratio is almost constant, at
slightly over 10, and the aggregate annual production decline rate of thecerds/

less than 8% for some fifty years, despite the field decline rate of 10% p.a.

1.2.5 Decline rates

QOil field decline is the phenomenon whereby the production rate of a field drops after
reaching a maximum, typically before 30% of the original estimagPakeserves has
been producedEA, 2008) When sufficient fields in a region, country or the whole
world have started to decline, then the total produdsarenerally irreversiblget on

a downwvard trend, unless enough new fields can be discovered to bring sufficient new
production on line. Decline is not the same as depletion, which is the rate at which
reserves are drawn down by production.

Decline is a physical phenomenon, which occurs prisndm@cause pressure in the

field falls as oil is removed. The remaining oil flows ever more slowly, being under

less pressure. There are other physical effects too, such as water breakthrough, where
brine beneath the oil reaches ti@ehole and starts tee produced, reducing the oil

flow rate. These effects are generally not reversible, although sometimes they can be
del ayed or reversed temporarily. ONatur al
i nvest ment and i nt er v erafidldwhich is&ithet padialiya n a g e d
shut in, or- more normally- where extra investment has been made to raise
production, typically by applyingnhanced oil recoveif2OR) techniques.
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The rate at which total global conventional oil production will decfter the peak is

a fundamental parameter (either as an input or as an outglbpia supply forecast

and in estimates of thtening of peakproduction It is a complex sum of the average,
productionweighted decline rate of current fields, includiagy secondary and
tertiary recovery programmes, offset by the production from fields that are in the
build-up or plateau phase and the amount of new production comistfeam each
year. A review is provided ifiechnical Report 4f this UKERC study.

The IEA has written an excellent review using current data from about 800 major

fields in World Energy Outlook 2008Chapter 10), which is recommended reading.

This includes many new analyses, and the calculation of average decline rates for

various types ofield. The IEA concludes that the average observed decline rate of the

800 fields, weighted by production, is 5.1% p.a. after the peak, and 5.8% p.a. after the

plateau phasei with decline rates being faster in the smaller fields and in the

offshore fietl s . Thi s represents a mi x o f 60 mana
Extrapolating these data to the whole world, the IEA estimates the global average

decline rate of pogteak fields to be 6.7% p.a.

Cambridge Energy Research Associates (CERA) published a pstualg of decline

rates in 200%, also using a database of some 800 fields. These fields account for
about twethirds of current global production and half of global 2P conventional olil
reserves. Only 41% of the fields, by production volume, are pastapla@ERA
concluded that the aggregate observed production decline of the whole group is some
4.5% p.a., and reported that this rate is not increasing. CERA found average decline
rates for those fields actually in decline of 6% p.a. (onshore) and 10%fp-shdre).

HoOo6k and Aleklet{2008)o f t h e GxlWpuppsbalhaave studied the d
Norwegian suite of offshore oil, condensate and Nf&ducing fields. They found

that the giant fields, defined as either 0.5 Gb of URR or production exceeding
100,000 barrels/day for more than one year, harean exponential decline rate of

13.4% p.a., or 13.8% p.a. when weighted by peak production rate. The smaller oil

fields decline at 21.3% p.a. (18.1% weighted by peak production rate), condensate

fields by 35.5% p.a. (37.7% weighted by peak productiod) MGL by 19.5% p.a.

(15.6% weighted by peak production).

We are unable to judge the accuracy of the field decline rates calculated by the IEA
and CERA (and also those by OPEC and the Uppsala group). A complete record of
annual production data for each fiels required, and we understand that the IHS
database is incomplete in this regard for the large Middle Eastern OPEC fields. It may
be that these analysts have access to confidential Hiateever, the average rate of
decline, together with the anticipdtehanges in this rate, is a crucial variable for
future global oil supply.

1.2.6 Economic data and assumptions

Economic data and assumptions tend to be unique to each forecaster. Not every
forecast methodology requires accurate economic data as an input aeduined

data will depend upon whether only oil supply is being modelled, or both oil supply
and oil demand.

° Defined as production greater than 80% of peak production.
10 http://www.cera.com/aspx/cda/publicl/news/pressReleases/pressReleaseDetails.aspx?CID=9203
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The relationships between price and demand, and price and supply are complex and
may be represented at varying levels of detail. Forecastsagf lpaive recently been
thrown into some disarray by the sharp price increase and collapse seen in 2008.
Forecasts of future global oil demand usually make reference to United Nations or
other forecasts of global population growth, together with the expectadth of

GDP per capita and the primary energy consumption per unit of GDP, or energy
intensity. The latter has decreased over time in developed countries, but an increasing
proportion of primary energy demand has been accounted for by oil and, more
recently, natural gas. Personal transport is the dominantusadsector and there is
scope for very large increases in global oil demand as both population and prosperity
increase in less developed countries.

Since our primary focus is oil supply, the deteramts of oil demand will not be
discussed in detail in this report. While several of the models reviewed include
detailed modelling of energy demand, many do not model demand at all and simply
make exogenous assumptions about the rate of demand growth.le@ds to
projections of a moidelledsypplyyappgaaspnéufficientiioemreett h e
theassumedlemand. But in practice, supply constraints will induce higher prices and
consequently both demand reduction and the substitution of conventilomalobher

fuels. What is at issue is whether these price signals are likely to encourage a
relatively smooth transition to more efficient emses and alternative fuels or, as
appears quite possible, lead to economic recession and supply shortagesturhis

will depend in part upon whether the oil market signals an impending supply peak in a
timely manner anfdr whether policy makers anticipate the future supply difficulties
and therefore take action sufficiently far in advance and on the scalestequir

In principle, theultimate economic limit for bringing an oil field estreamshould be
reached when the fully builtp energy cost of supplying the final oil product to the
consumer is equal to that obtained from the oil, referred to as the ERQbYEne
Return On Inveshen) limit. The fully builtup energy costs will include, for
example, the energy used to mine and smelt ore for steel, and for drilling, exploration,
pumping, transport and shipping, refining and marketing. At that limit, which may
change with time, fields which are small, remote or otherwise margiasl notbe
economically produced at any oil price. TBROI limit will depend upon the relative
market prices of the relevant energy carriers aray also changeover time- for
example,if new infrastructure is available such as access to a platform or pipeline.
EROI considerations (and as importantly,-eeergy rate limits) to the introduction

of new types of oil, new recovery technigues, and new energy sources would benefit
from a rigorous economic study.

1.3 Limitations of the study

This study is limited by its remit to focus dorecastsof conventional oil supply. By
6conventional oild this study means natur
However, many of the models studied alsdude bitumen and synthetic crudes from

the Canadian oil sands, very heavy oil from the Orinoco and elsewhere, and oil from
shales, although the latter is usually expected to be insignificant in the forecast period.
Some forecasts also include synfuetsn coal and gas, and biofuels. Where possible,

1 The netenergy rate limit refers to the amount of available energy which must initially be diverted to the creation
of a new energy supply. If this is too great, then the new energy supply effecddelyesthe available energy
supply for some time.
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data for norconventional oil and other liquids have been deducted from the oil totals
to allow analysis of the forecasts for conventional oil.

This studydoes notcreate anotheforecast but instead analy®s and compare
contemporary forecasts and the models used to produce Wenhave indicated
where, in our view, certain models are more or less likely to ppoeede reliable
forecasts but no single model has been preferred. Users are encourages ftor se
themselveshow, where and why models differ, to select appropriate values of the
principal parameters, and to choose or create a model which best honours those
parameters and data.

Note that a far as possible, our reviews aintemporary forecastave been offered
back to the creators for discussion and approval.

We are conscious of two additional limitations. First, in the time available, we have
not gone into the fine detail of the models, so the comparisons are made at a relatively
high level*® We highlight theefore general aspects @ach modelrather than make
definitive statements on their accuracy or completeness. However, given the
importance of the topic, and the interest in dialogue shown by all the modellers
contacted, we hope there mhbg opportunitiesin future wherethe models can be
discussednd compareth more depth.

The second limitation is that some important models are not included; in some cases
because the modellers were not, or could not, be contacted; or else because the
modellers chose not to collaborate for commercial or other rea3omMhile we regret

the absence of these models, we do not consider that their omission materially affects
our overall conclusions.

Nevertheless, as set out in the Acknowledgements, we leere ery pleased with

the overall cooperation of modellers from around the world, and we hope we have
done their models at least partial justice. We are of course keen to receive further
feedback, to make corrections where needed, and to provide amiplifjcat to alter

our judgements, where the case can be made.

211 several cases, there is insufficient information available to conduct a more detailed comparison.
13 These include models created by PFC Energy, Cambridge Energy Research Associates (CERA), the World
Energy Councilsomeoil companiesandfinancial ingitutions.
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2 Summary of historical forecasts of global oil
production

Oll is essentially a finite resource. The rate at which olil is created today, by natural
processes within the earth, has been estimattetbout 3million barrels each year

(Miller, 1992y whi ch i s equivalent to three quarter
industry. The production of oinusttherefore at some point reach a maximum and

start to decline, although whether that decline comes about because theyindustr

cannot produce it any faster, or because demand for oil has fallen away, is a separate
guestion.

The inevitability of an eventual peak in conventional oil production has long been
recognised, and attempts have been made to forecast the event foraglhoost. To

those who come new to the subject, much of
echo of doubtful relevance from decades ago. Nevertheless, even today there is no
consensus around some of the issues that were first debated fifty years cigar A
understanding of these issues remains critical to forming a dispassionate view on the

future of oil supply. This section provides a historical review which attempts to

explain these arguments.

Much of this synopsis of oil suppfgrecastdetween 196 and 2005 is sourced from
Bentley and Boyle(2008) to which the reader is referred for more detdihe
strengths and weaknessesltd todelling approaches used digcussed imetail in
Technical Reports &nd6 of this study.

We summarise firssome notabléorecastof a peak in global oil productiomefore
considerings o monpéaking f or ecast s

2.1 Peaking forecasts

2.1.1 Peaking forecasts 1956 - 2005

Table 2.1 lists some of the forecasts for a peak in global oil production, made since
Hubbert 6 s fofecastia 1956g The bhsaumptions made by various authors

have necessarily been simplified inordertotal at e t he results. O0URF
recoverable resource, in billions of barrels (Galthough the precise coverage of

liquids varies from one forecast to anoth&he expected date of the global peak of

production moves forward from around the y2@00 in forecasts made up to 1990, to

as late as 2020 in some lataises
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Table 2.1 Selected forecasts of global oil production, made between 1956 and
2005, which gave a date for the peak

Date Author Liquids covered URR (Gb) Forecast dhte of global peak
1956 Hubbert Conventional oil 1250 fiabout the ye
mb/d]
_ _ 1350 1990 [at 65mk/d]
1969 Hubbert Conventional oil
2100 2000 [at 10amb/d]
1972 ESSO Prob_ably _ 2100 il ncr e easce fm‘nyll y
conventional oil ~2000. 0
1972 Report: UN Prob_ably _ 2500 ili kely peak
Conference conventional oil
1974  SPRU, UK Probably =~ 5545480 No prediction
conventional oil
1976 UK DOE Prob_ably _ n/a Afabout 200
conventional oil
. : 1996 if unconstrained logistic;
1977 Hubbert Conventional oil 2000 plateau to 2035 if production flai
1977 Ehrlich et al. Conventional oil 1900 2000
Probably No prediction
1978 WEC / IFP conventional oil 1803
1979 Shell Prob_ably . n/a Aipl at eau wi t h
conventional oil years. o
1979 BP Prob_ably _ n/a Peak (norcommunist world):
conventional oil 1985
1981  World Bank Probably - 1900 fiplateau ~ tur
conventional oil
1992  Meadows et al. Probably = 44462500 No prediction
conventional oil
1995  Petroconsultants Conventonal oil 1800 About 2005
excluding NGLs
1996 Ivanhoe Conventional oil ~ 2000 About 2010
1997 Edwards Probably 2836 2020
conventional oil
1997 Laherrere All liquids 2700 No prediction
2300 2014
1998 IEA Conventional oil (reference
case)
1999 USGS Protebly -~ _ 5000 2010
conventional oll
2000 Bartlett Prob_ably _ 2000 and 2004 and 2019
conventional oil 3000
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Conventional and 2670 2017 (all oil)_

2002 BGR , :
nortconv. oil (conventional)
2003 Deffeyes All oil ~ 2005
2003 Bauquis All liquids 3000 2020
2003 Campbell- All hydrocarbons 2015
Uppsala
2003 Laherrere All liquids 3000
2003 Energyfiles Ltd.  Allliquids ~ Conventional: 2016
2338
2003  Energyfiles Ltd.  All hydrocarbons 2020
2003 Bahktiari Probably - 2006- 2007
conventional oil
Conventimal & 2025
2004 Miller non-conventional
oil
Conventional & 2018
2004 PFC Energy non-conventional
oil
2005 Deffeyes All oil 2005

Source Bentley and Boyl¢2008)

We start this brief description of past forecasts by outlining the work of M.K. Hubbert
(see alsoTechnical Repogt 5 and 6). Hubbert was among the first to look
guantitatively at oil peaking in a region; emphasising the importancesobwry
rate, estimates of the URR, and the fitting of curves to historical data.

In 1956 Hubbertforecast gpeak date for US production, using two industry estimates

fort hat c URRn(Hubberd, 4956) He extended the historidS production

curve to follow a symmetrical (i.e. bedhaped) curve with a smootbll-over at the

top, choosing curves such that the area under these curves niighstimatesof

the US URR The curves had no particular mathematical form, and he did not claim

that the production cycldad to be symmetrical. However, given the casts of

historical production and the assumed URR, he observed fitléat it became
i mpossible to draw this curve Y¥amuslydi ffere
his upper estimate of the peak of US productidha b o u t i wa® stleqguently

proved orrect. His companion forecast for the world was illustrated by an
asymmetric curve, whose decline diot mirror its growth(Hubbert, 1956)

Because of challenges to Hubbertés assumed
primarily by a group within the USGS, in 196Bubbert(1962) again forecast the

peak of US oil production, but this time using the first differemtiahe logistic curve

(also belishaped) to estimate the peak. This curve is symmetrical, and it was (and still

is) a relatively good fit to US production data. It also has the advantage that a plot of
(production/cumulative production) against (cumulatigeoduction) tends to a

straight line. By extrapolating this line, the regional URR can be estimated from the
intersection with the abscissa. Regrettabl
ot hersé minds the i ncor rhedate and deglat of pdalg t It n
but also the pogpeak production rate.
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Hubbert also separately derived URR estimates by fitting a curve to historical data on
cumulative discoveries and extrapolating this to identify the asymptote. Any reported
increases in &éld size due toeserves growthvere backdated to the original date of
discovery(seeTechnical Reports 1 and .5pther modelling approaches followed in
1967 and 1969, including examining this balzking of discovery data, and using this

to forecast futte reserves growthand estimating the URR from the decreasing rate
of discovery per foot drilled 6 yi el d .pHehbert eidedogistid chryes to
estimatethe timing of the global pedir two estimates of the global URRL350 Gb

and 2100 Gb. In 195 he estimated that global oil production would peak at 100
million b/d in 2000, using ra updatedestimatefor the of global URR of 2100 Gb
(Hubbert, 1969)

Hubbertds mat hemati cal mo deld oa fthefisr oducti o
differential of the logistic curve, initially applying this to the US rather than to the

whole world. This curve provided a convenient fit to production in many cases,

although there is no basis for supposing that produatiastfollow sucha curveand

Hubbert never claimed that it woulBach field has its own productiagcle which is

rarelylogistic in form, and the logistic curve ligely to beapplicable only to the sum

of production from a number of fields.

The logistic curve can beaised in a variety of ways, one of which is fitting to past
production and an estimate of URIRd projecting this curve forward to estimate
future productionin this usage, the centre point of the curve yields an estimate for the
date and height of the quiuction peak, with production declining once 50% of the
URR has been produced.

In 1982, Hubbertprovided a comprehensive overview of his various techniques

(Hubbert, 1982)He was clearly aware of the limitations of the logistic curve as a
forecast of future pr oduc traduction neétlenot bemp hasi s
symmetrical or have a si nkpllage ateag, suchuam . He w
the entire United States or the world ... the irregularities of small areas tend to cancel

... and the curve becomes a smooth curve with only a ginglgpal maximung b u't

he noted that this curve need not be symmetric. His estimate of the US production

peak used conservati ve,notnewedddrepresestthe ves, W
ul ti mate amount of oi | Thebexleacdveats wene often el ds w
forgotten by laterfollowers as well a<ritics. Hubbertalso showed that although

increases in the oil price had increased the rates of drilling and discovery, they had not

affected the longerm decline in discovery per foot drilléd.

As an example of the understanding of the oil peak in the 1970s, we can quote the
landmark environmental report to the United Nations in 1972 by Ward and Dubois.

This said: AOne of the most quoted esti mat
is some2500 billion barrels. This sounds very large, but the increase in demand
foreseen over the next three decades makes it likely that peak production will have
been reached by the year(WadabddDuboi§s,1¥2)eaft er

In the event, the simple model of production following the logistic curve did not
occur. Following the first global oil shock, growth in oil production dropped below
the logistic curve in 1973nd fell more sharply in 1978. From the A1i@80s, world

oil production started once again to grow, but now at a much lower rate than the

14 However, changes in oil prices were subsequently shown to have had a significant influence on-thershort
trends(Cleveland and&aufmann, 1991)
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original logistic fit. As a result, global oil productiaid not peak in roughly 2000 as
had been indicated. Thisilkistrated inFigure2.1.

Figure 2.1:Pre-1973 forecast using logistic curve compared to actual global
production
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We continue this brief survey of pea§ forecasts by looking at some other past
forecasts that have been influential.

In 1979, H.R. Warman at BP predicted that world oil production outside communist

areas would peak about 1985This was ofterlater cited as proof of the inability of

0f ikxedourced model s to forecasforecasrate pr oduc
for production of norcommunist conventional oil (eMGLS) appearsreasonable

basedupon theassumedsize of the resource basehe main problem, as withther

forecasts at theme, was thatVarmandid not factor inthe demand reducticamd fuel
substitutionthatresuledf r om t he 197 0Wsi npgr i War nsahnobcsk sr. e s
base, as indicated by the area under his predicted production curve, and accounting

for t he 1 9de$iraction, djigesn am atljusted date for the peak of non
communist conventional oil production (BdGLs) as around the year 2000.

In another developmenB. Grossling of the USG$resented thgiew that abundant
oil remained to be discovergbbally, beause many fewer wells had been drilled in
much of the world compared to the &fSAt the time, L.F. Ivanhoe disagreed with
this view asit did not match his experience tife otherfactors(including primarily
each regionos ithat t contrdn discoeery. éLatér,lvanhoe €.996) )
combinedUSGSdiscovery data with thelaim thatthe shape of the production curve
very broadly mirrors the earlier discovery curve,fdrecast hat the production of
global conventional oilwould peakaround2010.1 v a n h 0 e 6 shighéightp theo a ¢ h
link between 2Rliscovery & subsequent productijdout the claim that these cycles
taken a broadly similar shape is only poorly supportethbyempirical evidence (see
Nehring(2006a; b; candTechnical Report)b

In 1991, C.J. Campbell produced a comprehensive global study of future production
by country, though this was often limited to using théljgly available proved

15%0il Crisis ... Againd . BP, 1979,
16 This argument has been used on a number of occasions, including recently {20085
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reserves data available at that tig@ampbell, 1991)In 1995, Campbell and J.H.
Laherrere, working for Petroconsultants (later, IHS Energy), published the first
comprehensive country by country analysis, based on industry data and extensive
geological knowledgg(Campbell and Laherrere, 1995They used 2P (~ P50)
estimates of reserves, and employed several statistical methods for estimating the
YTF, and hence the URR. Production from countries which had passed their peak was
then extrapolated into the future at the existing depletion rate. For countries not yet at
peak, future production was modelled with an assumed growth rate until cumulative
production reached 50% of the national URR, and thereafter was again extrapolated at
the then existing depletion rate. For the major swing producers of the Middle East,
separate models were created under assumed conditions.

K. S. Deffeyes, irhis 2001 bookH u b b e r t, appliedAagiatik curve linearisation

to world oil production datamtad c oncl uded wilhpebablyreaohdau ct i on
peak sometime during thisdecade Def f eyes | ater wupdated thi
peak in 2005Deffeyes, 2005)Since global production departed from the symmetric

logistic curve in 1975, a forecast basedugon this curve is bound tme inaccurate.

Nevertheless, théming of peak production mayot be especially sensitive to the
assumedhape of the productiarycle

In 2003, PR. Bauquis assumed a global URR (including NGLs) of 3000 Gb to
forecastthat global liquids production would peak about 2020, at a rate afl®

while in the following yeamBakhtiari (2004) and colleagues at the National Iranian

Oil Company used conservative Saudi and Russian reserves estimates to conclude that
world oil production woulgeak by 20087, at about 8inlvd.

In 2005, the consultancy PFC Energyesenteda basec ase f or eobabk® f or
production at the Energy Institute, London. This forecast the global oil peak,
including NGLs and nowonventional oil, as occurring in 2801The company used

backdated 2P reserves data from a number of sources, including IHS Energy, to
arrive at O6ébest judgmentoé values. They pai
the FSU and Mioldhdo6 Eabl . wéa ¥ e dated fiellssize d fr om
distribution curves, bearing in mind commercial thresholds Teetnical Report b

Oil production was forecast by country or region, but extensive use was made of
individual field modeling. Sensitivity analysis was used to describeesaog reserve

si ze, future I mprovements i n recovery fac
approach is more detailed than that of Campbell and Deffeyes, and while they forecast

a later date of peak production, the difference is not especially large. Weunable

to include a detailed review of this model in this report, but it deserves serious
consideration.

2.1.2 The evolution of peaking forecasts

Oil peaking is driven by the fact that the larger figlda regiontend to be discovered
andgo into productiorfirst, and then at some point begindecline(Bentley, et al,

2000) Oncethe rate of discoverpasslowed sufficiently the production fronthe

later, smalle fields becomes insufficient to offset the decliofethe earlier, larger

fields. The aggregate production from the whole region must then decline, regardless
of the quantity ofreserveghat remainMoreover, he primary determinant of future
production,once discovery has slowed, is thus tluantity ofoil already discovered,

not that which may be fourslibsequently, unless unusually substantial
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Authors such as Hubbert (and more recently, Meling) have argued that changes in oll

price and technology ka relatively limited effects on future production. For this
reason, given the cl oseness adofteanlmere pr edi ct
concerned by the accuracy of FSU and Middle East reserves data, than by potential

price or technology developmisn Note, however, that it was mainly because price

and technology were usualhot explicitly considered in peaking models thatdbe
modelswereoftendismissedn some quarteras of little value.

There has been a clear evolution over time of the ndstheed for peaking forecasts.

The early forecasts were generally -hpvn assessments, based on an estimated
global URR and an assumed futpreductioncycle such as Hubbertods |
Few analysts now adhere to a symmetrical,-siediped produmdn curve. This is
correct, as there is no natural physical reason why the production of a resource should
follow such a curveand little empirical evidence that it do€Brandt, 2007) As
Hubbert himself observed, his use of the logistic curve was a mathematical
convenience, not the result of a belief in its absolutéituele. Somecontemporary
modelsnow use other methods to estim#te global or regional URRind combine

this with assumptions abquthe rate of production from existing reserves, field
decline rates, and the aggregate global rate ofpemt productio decline. Other
models use a bottomp, fieldby-field approach which extrapolates and sums
individual field productiorprofiles.

Many recent peaking forecasts therefore do not estimate the global URR at all, but
simply sum the expected production fromokvn and anticipated fields. The global
URR is then an output of these models rather than an input, although it is still a useful
reference parameter. This approach is quite appropriate if the oil peak is so close that
virtually all the fields that will deermine it are already discovered, and most of these
are already in production. In terms of the URR, modern models include all
conventional oil, regardless of its location and any physical or political difficulties
that arise. The only cudff that would & applied, usually implicitly but sometimes
explicitly, is economic: very small fields in remote locations may not be made viable
at any oil price if they exceed tl&ROIl limit (energy return orinvestment There is

also much more attention now being p#&adthe slope of the poegieak decline in
gross global productionThe importance of quantifying field and regional decline
rates has only been widely realised in the past few years.

2.2 Non-peaking forecasts

Historically, theopposite view to peak oil was thail production would not decline
below demand for the foreseeable future (usually, in more recent forecasts, meaning
by 2020 or 2030)Table 2.2 summarises some of the more recehthese6 n-0 n
peakingd forecasts.

Some of thesdorecasts make explicit assessments about the geological resources
available, while others do not. Many of thewariouslymix 1P and 2P reserves data,
calculate futuraeserves growtlon the basis oflP historical experience in the US,

accept at face valuOPEC6 s dec !l ,aar eely upore thee USGE 22000
assessment of the size of global resources. Each of these assumptions has been a focus
of dispute.
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Table 2.2: Selected forecasts of global oil productiothat forecast no peak before
2030

Date Author Hydrocarbon Ultimate Forecast date of World prod n.
(Gb) pegm%yaf;;‘dy mb/d  mbld
2020 2030
1998 WECI/IIASA-A2 Cv.all No peak 90 100
2000 IEA: WEO 2000 Cuv. ail (+N) 3345 No peak 103 n/a
2001 US DoE EIA Cv.all 3303 2016 / 2037 Various
2002 US DoE Ditto No peak 109 n/a
2002 Shell Scenario  Cv. & Ncv. ail ~4000 Plateau: 100 105
2025- 2040
2003 O WETOO6 ¢ Cv.oil(+N) 4500 No peak 102 120
2004 ExxonMobil Cv. & Ncev. ail No peak 114 118

2005 IEA: WEO 2005
Reference Sc. Ditto No peak 105 115
Deferred Invest. Ditto No peak 100 105

2007 IEA: WEO 200
Reference Sc. Ditto No peak - 116

Source:Bentley and Boyl¢2008) ]
Note Note: Cv: conentional; Ncv.: norconventional; +N: plus NGLs

2.2.1 Resource based forecasts

The IEA first recogrsed the possibility ofglobal oil peaking in 199&aising quite a

reaction at the time. Buhiits World Energy Outlook 200the IEA changed back to
supportingits earlier norpeaking view Table 2.2). The USGS 2000 assessment of

the global URR was used to support tleisecast but without addressing whether this
resource, if it exists,auld be discovered and produced at the requirde. ia its

World Energy OutlooR008,the IEA significantly modified its opinionfollowing a

detailed review of the decline rates of currently producing fi€ldsnow believes

that the investment required to meet the demand for conventional oil up @203
Adauntingo, and that the conventional oi |l
plateau) by 2030.

Shell scenarios prdating their currentorecastswere based on a URR of 4000 Gb,

whi ch i ncluded 600 Gb of Asc &lpef ndnor furt
conventional oil. These scenarithaisimplicitly envisaged avoiding a liquids supply

peak by a smooth transfer away from conventional oil.

"See the description bf the | EAds model in Annex
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In 2003, tle US ElA used a simple calculation, based on the USGS 2000 mean
assessment of global URBx NGLSs), to estimatethat peakis likely to occur beyond
2030(Wood et al, 2003) They assumed that production growth continued at about
2% per year until the global ratio wémaining recoverableesources to annual
production reached 10 yedfsBeyond that point, production was assurtedecline

at a rate which kept this ratio equal to 10 yéanghich implied a very rapid pogteak
decline (~10%/year). Peak dates from 2021 to 2112 we@nsidered to beossible,
based on the assumptions made. The study did not address either tihelisevery

or the likelihood of largeeserves growtbutside the US.

An EU study, 0 WE T Q assumgduwalglobalsUiri df 4506 Gb2oD 0 3
conventional oil where this was based on the USGS 2000 data (which included
reserves growth) plus assumptidios significant additional reserves gromtGEC,

2003) Production was tied to priggependentreserves/production ratios, i.ea

certain proportion of reserves would be produasaually at a given price. The study

did not consider whether 4500 Gb was a realistic estimate of URR, and it ignored the
constraints on how production in regions can evolMee WETO study concluded

that sufficient reserves exist to satisfy projected dehar2030.

2.2.2 Non resource based forecasts

There was (and still is) a second group of opinions and analyses which ruled out any
need to examine the oil resource base at all. These assumed that economic forces will
ensure that supplies meet the market demardl encourage a relatively smooth
transition to greater endlse efficiency and substitute fuelhile it is true that supply

will always meet demand at some price, this could be the problem rather than the
solution. The real questisrare whether the restihg price will be so high as to
reduce economic activity; and whether the rateis# will be sufficiently slow and
predictable to allow economies to adjust, or sufficiently rapid and unpredictable to
cause disruption and shortages. Assessing the eelptobability of these scenarios
involves judgements about the future of conventional oil production, the behaviour of
oil markets, the technical and economic potential for demand reduction and substitute
fuels and (most importantly) the lead times reqliite displace a significant portion

of current consumption. Each of these requires analysis and modelling.

2.2.3 Arguments against peaking

Before leaving this section on past forecasts, we discuss here briefmlzer ofthe
argumentghat have been employed aigstforecastsof an early peak in global oil
supply. Proponents o$uch arguments have, at various times, included political
scientists,geographers an@conomists(e.g. Michael Lynch (1998; 1999; 2003)
Morris Adelman, Paul Stevens, Campbell WatkirRBeter Ode); independent
consultancies (e.@ERA); internationalorgansations(e.g. OPEGand, until recently,
the IEA); government departments and agencies @JEIAt h e  Ddpdrtment

of Trade and Indust)y and somelndependent Oil Companies (eBP, Exxon and
ENI). In general these criticisms are not focused on specific models, but instead point
to more general flaws in peakirfgrecasts The commonest criticisms which are
raised, and the countarguments Wwich are generally employed, are summarized
below:

18 This assumption derives from US experience, where for most of the last 100 years the provedtoeserves
production ratio has equalled ~10 years.
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1 All forecasts of a global peak have so far been proved wribimg statement
has, to some extent, been addressed abibvis. partly informed bythe
forecasts from Campbell, Deffeyes and others that hiares gremature dates
for the global peak. But it must be remembered that pessimistic supply
forecasts will, by definition, be proved wrong by the historical record much
sooner than oPtimistic forecasts and that the latter have frequently proved
wrong as wk.*® In general, the poor record of loterm energy supply
forecasting at both the regional and global level suggests the need for humility
(Craig et al, 2002) This argument is also misleadingecause it ignores
forecasts of a production peak at some future date which have yet to be proved
right or wrong. All forecasts for a future peak, or indeed for a future without a
peak, remain to be tested.

1 Global provedreserves are adequate to supporffisient production.This
assertion implicitly links future production capacity directly to glomaved
reserves by pointing to eurrentglobal R/P (eserves tgroduction)ratio of
some 40 year® Analysis, howevershowsthat the peak will not be dren by
a shortage of reserves but by the declining rate of output from fields which
have passed their peak. The proposal that futates of supplyare assured
maintained by some arbitrary R/P ratiodemonstrably falseThe R/P ratio
can in fact rise wite both reserves and production fallor example in UK,

US and Norway between 2000 and 2Q€5eFigurel.1).

1 New fields are still being discovered, and proved reserves continue to rise
al most every ye arthe woilldtis runreng inth oilgather f act t
t han o tht Thisi a findamental misconception. An oil discovery does
not change the URR, but only moves that resource from the YTF category to
the alreadydiscovered categoryl.o the extent that forecasts afproduction
peak rely upon assumptions about the URR or Y& discoveriesvill have
no effect on the forecasthe only exception would be discomsrthat were
much larger than anticipated on the basis of the estimated YTF. Even then,
such resourcesvould need to be brought into production very rapidly to
counteract the decline of maursently o f t he
estimated to bat least 3.0mb/d each yea(lEA, 2008) Peakingwill occur
while the wold still has large oil reserves, caused by the difficulty of
increasing theate of production.

1 Middle Eastern OPEC and €Xoviet Union countries have huge, easily
exploited reservesThe countelargument is that this may not be as true as
supposed. Théarge rises in reported official reserves, and their subsequent
lack of change despite years of production, have caseeeralanalysts to
doubt t he accuracy of (SimdaE @805)Idec | ar ed
addtion, there may not be sufficient incentive for these countries to install

19 For example, in 1971 the National Petroleum Council used Delphi techniques to predict that US diiogproduc
would reach 13.4 mb/d in 1985 if prices reached $$29. Actual production was 3.9 mb/d with a higher price
level. Similarly, in 1974 Adelman et al (MIT energy Lab 1974) used a model by Erikson and @padto
forecast that US production would reach 19 mb/d in 1980 if nominal prices readi1$12&ctual production was

3.7 mb/d with a higher price level.

20 For example stated byord Browne and Peter Davies, BP Chief Executive and BP Chief Economist
regectively, June 200http://www.energybulletin.net/node/761

2L hitp://www.guardian.co.uk/commentisfree/2008/f@¢ill.climatechange
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new production capacity at the rate forecast by many madelshe growﬁg
internal demand in these countries may restrict the growth in export capacity
(Gately, 2004)

1 The global URR of conventional dihcluding NGLs)has beerestimated at
3345 Gb bythe USGS (2000) therefore there is no shortage of @ibm
reserves growth and thatet to be foundThis estimate was significantly
higher than most previous estimates of 18600 Gbh and remains
controversial. Even if correcthe resource needs to be added to reserves at a
timely rate if it is to affect the date of peak. But in practice, the rate of new
discoveriesat leastappears to be significantly less than forecast by the USGS
(Klett, et al, 2005) The additionalargument that anyé&upply gap will be
plugged by regions not assessed in the USGS23@@0 study, plus the fact
that smaller fields wilbecome increasingly economically attract{®eguilera
et al, 2009) requires demonstration that their cumulative volume is
significant, and thatin the case of very small fieldghey can be produced at
an economic anenergy profit.

1 The URR isnot a constant but a variable, which grows due to changes in
technology, infrastructure and economi&uch changes have occurred, and
manyearly peakingcostswere too restricted in their view of URR. However,
most modern models appear to take a mordusine view of the various
components of the URR, and allow for its possible growth.

1 Resource scarcity encourages substitution and improveeusadefficiency
This argument suggests that market forces will replace oil with alternatives if
shortages ariseAnalysts note thesize of thepotential resource of nen
conventional liquids,and the possibilities of electripowered and other
vehicles But account needs to liaken of the costs and lead times required to
displace conventional oil consumptidBubstiution will certainly occur, but
oil is essential as a transport fuel and at present there do not appear to be
substitutes that come close in terms of cost, availability and utility.
Undoubtedly there are alternative sourcesrmdrgy but it is not suffient to
assert their sufficiency, future practicality and timely application in
substituting for oil: these aspects musteenonstrated.

1 Markets will reduce demanés noted earlier, markets must indeed reduce the
demand if the peak is passed, by raiding price. But given the long life
times of energysing capital stock, and the scale of investment required to
replace that stock, the rate of efficiency improvements may not match the rate
of production decline. As a result, demand reduction may be\ahithrough
reducing what we currently regard as essential consumption. It is possible that
the market solution to peak oil will be a forced and prat@ned reduction in
the activities which consume oil.

UK Energy Research Centre UKERC/WP/TPA/2009/022



UK Energy Research Centre

UKERC/WP/TPA/2009/022

30



31

3 Comparison of contemporary forecasts of global oil
production

3.1 Introduction

There i s a clear dichotomy in forecasts of
existed for several decades, growing more acutely obvious, until now there is a gulf
between those who believe that there are no insurrablesupply difficulties before

2030, and those who believe that the world is near, at, or has even passed, the peak of

oil supply. The year 2030 is an arbitrary date, close enough to be significant while

distant enough to inform policy decisions, and & aehich most forecasts reach.

The question is, how can such differeasults be generated? Which forecasts will
finally prove more accurate, and more appropriate for steering policy decisions today?
The answers lie in the way models are built, the gualitthe data used, and the
assumptions that have b@ made. Within this section we examamaumber of well

known contemporary forecasttogether with the models used to produce thanal
describe the different methodologies, data and assumptions eavdlVe hope that

this analysis may start the process of reconciling the divergent and sthahdly
opinions of the forecasting community.

To some extentfundamentally opposed viewsn the future of oil supply tend to
follow the academic disciplines of geology and econoniitge view that supply
problems and a peak in oil supply are relatively imminentommonly associated

with the geological community, while the opposing view psomoted by many
economistsEach side basdhese views on the orthodoxies of their own discipline,
sometimes in greater or lesser ignorance of the other. The resulting difference in
forecasts has led to frequent misunderstandingsdespaites. Botldisciplines have
essential and genuine contrilarts to make, and neither has a monopoly on truth.
Each must also recognise and hondbe valid arguments of the other, which
constrain what may, and what may not, happen.

No forecast can be identified as <correct
endowment of oil, and hence the timing of the inevitable peak and decline of oil
supply, have been described as being unknown and unknowable, and perhaps
therefore by implication not worth studying, but such thinking is disingenuous. As
when considering ourwn death, we may not know the future with perfect accuracy,

but we can assess some useful limits and likely ranges of values. We cannot indicate

the probable accuracy of any forecast, but we can suggest some relative probabilities,
and indicate the relae reliability of the assumptions underlying them.

This report isprimarily aboutconventionaloil supply(i.e. crude oil and condensate
and NGLs) whereas some of the models we describe forecast liquid fuels supply. The
full range of liquid fuels include norconventional oil from tar sands and oil shales,
synthetic fuels produced from coal or natural gas, and biofuels produced from plant or
animal matter. The degree to which any decline in conventional oil supplies would
even matter is in part a questiohthe contribution to be made by these alternative
liquids. To turn that around, the progress we may need to make in developing
alternative fuels is defined by the future aafnventionaloil (as opposed to liquids)
supply. It is conceivable that the ewaasl decline in oil supply might be driven by
declining demand, and the onset of alternative fuel supplies, rather than by lack of

supply.
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3.2 Discussion of the forecasts

Theforecastgeviewed in this study are summarisedrable 3.1 which indicatesthe
range of liquids covered by the modehether oil demand is modelled explicitly and
the general approach to modelling oil supplynore detailed comparison is provided
in Table3.2.

Table 3.1: The models reviewed in this study

Category Model Liquids Detailed Supply Conventional
covered demand modelling oil peak
modelling? method forecast
before 20307
International  IEA All -liquids Yes Bottomup; No
incremental
supply
constrained
only by
investment
OPEC All -liquids Yes Top-down No
National US EIA All -liquids Yes Top-down, No
some
individual
country
forecasts
BGR (2006) Conventional No Mid-point Yes
oil peaking
Oil companies Shell All-liquids Yes Bottomup by  Yes, but due
field or to falling
country, demand
demand
constrained
Meling All -oil No Bottomup by Yes
(Statoil country
Hydro)
Total All -oil No Bottomup by Yes
field or basin
Exxon Mobil  All -liquids Yes Top-dowrf” No
Consultancies Energyfiles  All -oil No Bottomup by Yes
field or basin
LBST All -oil No Bottomup by Yes
field or region,
Hubbertstyle

curve for pre
peak countries

Peak Oil All-oil and No Top-down for Yes
Consulting GTL and current
biofuels, production,
bottomup for
new
production

22 Exxon provides very little modelling detail.
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Universities Colin All -oil No Bottomup by Yes
and Campbell country, mid
individuals point peaking,

constant post
peak depletion

rate
University of  All -oil No Bottom-up for Yes
Uppsala giant fields,

top-down for
other sources

Richard All -oil but No Bottomup by Yes
Miller excluding field

NGLs and

some

condensate

Detaileddescriptionsf these modeland the associated forecaate providedin the
Annex. In this section, we consider some general principles and assumptions,
focusing primarily on the naelling of conventionaloil supply. We start with a
general observation of certain modelling flaeusd then consider the fundamental
componentsany forecast of conventional oil suppWe then introduce a diagram to
help compare and contrast the differémtecasts Using this diagram, we highlight

one of the primaryeasos why theforecastsary.
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Table 3.2: A synopsis of the principal parameters used by the models and views studied here

Global o]]
Global Production in Reserves Demand
Model Liquids URR YTF 2030 growth Decline rates Growth Date of Economics /
covered (Gb) (Gb) (mb/d)* (Gb) (% p.a.) (% p.a.) Peak Politics
International
IEA All Conventional + Conv. oil: | 106.4mb/d of | Conv.+ Studied in detail. | Average of | No peak. Concerns
liquids | NGLs: 3577 Gb. 778Ghb all liquids, NGLs: World average 1.3% p.a. to over
excl. biofuels | 402Gb postpeak field 2015; Conventional oil adequate
- Non-conventional | Conv.+ decline 6.7% p.a.; | Avg. of il evel s ¢ investment.
oil sands and extra| NGLs: world postpeak 0.8% p.a. towards 2030, non
heavy oil: 805Gb decline of super 2015- 2030. | conventional oil
1000- 2000 Ghb. giants 3.4% p.a.; keeps rising.
- All potentially world postplateau
recoverable olil decline of super
resources: 6500 giants 3.64.9%
Gb. p.a.; in restricted
- All resources dataset, decline of
including CTL and OPEC pospeak
GTL: 9000 Gb. fields is 3.1% m.,
and of norROPEC
fields is 7.1% p.a.,
world average
5.1%
OPEC All Conventional + Not given: | 113.6mb/d of | Tacitly Natural or We calculate| No peak although
liquids | NGLs: Implicitly | all liquids accepts observed field 1.14% p.a. | some countries
3345 Gb. follows USGS decline rate 6% | after 2012 | peak.
USGS growth p.a. Supply:
(This is USGS except for model 113.6mk/d by
2000 figure; OPEC| specific 2030 (of which:
judges as countries Conv. ex. NGLs:
conservative.) (see 82 mb/d;
comment CTL plus GTL: 3.7
on URR)) mb/d; biofuels: 3.5

mb/d.)

2 Includes refinery gains where these are distinguished (typicalynd/d)
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National
US EIA All Not given Not given | 112.5mk/d of | Not Not given 1.16% No peak.
liquids all liquids; guantified
109.8 mb/d (Mentioned for
excl. biofuels some countries.)
BGR (2006) Conv. Conventional + Conv.+ Not given Not Not given Not given ~ 2020
oil NGLs: NGLs: guantified
2979 Gb. 632 Gb.
Oil companies
Shell All Modelled inhouse | Modelled | 85.6mk/d of | The eventual Modelled inhouse | No growth No peak for all Two
liquids | but not given in-house | all-oil ultimate but not given after 2020 | liquids. scenarios
but not ( AScr an recovery (Blueprints) | A By 20 15, suggested fo
given factor is or decline i n €& eas il twodifferent
91.4mb/d of assumed to after 2020 | accessible oil and | global
all-oil be greater (Scramble) | gas will not match | political
(ABl uep/than t projected rate of | paths,
but not demandgrowth 0 [A Scr am
given - Peak for aHoil:: and
~ 2030 ABl uep
(Blueprintg;
~ 2020
(Scramblg.
Meling All oil Conv. + NGLS: Conv.+N | 94.1mb/d of 520 Gb. We calculate 1.6% p.a. Base case:
(StatoilHydro) Unstated, but GLS: all-oil aggregate post 2028.
probably 3149 Gb | 309 Gb. peak decline of Supply fails to
2.6% p.a. match demand by
2011.
Total All oil Not stated 200- 370 | 93.1mb/d of Expressed aj We calculate 1.4% p.a. 2020
Gb. all-oil raising the | aggregate post
mean global | peak decline of
recovery 0.2% p.a
factor by 5%
ExxonMobil All Not stated but Not given | 105.2mb/d of | Not given Not given About 1.86 | No peak
liquids | implicitly follows all-olil p.a. Supply in 2030
the USGS (3345 includes(mh/d):
Gbincl. NGLs) - OPEC crude:
4550

- Oil sands: >4
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- OPEC
condensates >3

-GTL: 1
- CTL: small.
- Biofuels: 3
ENI - view All oil Not stated Not stated | Not stated Not stated Not stated Not stated No peak
BP - view All oil Not stated At least 95-105mb/d is | Reserves Cites CERA Not stated Eventual peak
300400 achievable and growth: Up | estimate that acknowledged but
Gb sustainable to 700 Gb current mean no date or heigt
decline of given
producing fields is
4.5% p.a.
Consultancies
Energyiles All oil 2685 Gb 250 Gb. 78.6mby/d for Not stated | Aggregate global | 1.8% p.a. 2017
all-oil excl. but production decline (Assuming 1% p.a
refinery gains | incorporated| 2% p.a. by 2022, demand growth.).
in model 3% p.a. by 2029.
methodigy | Field decline 5
30% deending on
size and location
LBST All oil 1840 Gb Not given | 39.4mk/d for | Not given We calculate an Not given 2006
all-oll aggregate post
peak decline rate o
3.54.0% p.a.
PeakOil All oil, | Not estimated Not 65 mb/d, Not given Currently 4.5% Not used 20112013
Consulting GTL, estimated | all-oil from existing
biofuels producing fields.
Aggregate post
peak decline is
2.0% p.a. by 2025
and 2.3% p.a. by
2030
Universities&
Individuals
Campbd All oil 2425 Gh all-all, 114 Gb 57.0mb/d, Not statedd | We calculate an Not stated | 2008
produced by 2100 | for all-oll assumed to | aggregate post
6regu be small in | peak decline rate o
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oil (excl. terms of 2.1% p.a.
polar, impact on
deep peak
water, tar
sands &
NGLSs)
U. of Uppsala | All ol Not stated Notused | 67.1mb/d, i Cont r| Field decline rates | Not 20082018
all-olil i ttl e|of6-16% p.a. modelled
Miller All oil; | 2800 Gb 227 Gb 91.5mby/d, 0.2% p.a. Aggregate post Not 20132017 (2019
excl all-oil, excl. cumulative | peak production modelled given unlimited
some NGLs increment in | decline of 3.3% investment)
condi production | p.a. by 2025
& all
NGLs
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3.2.1 Common weaknesses in oil supply forecasting

This study finds three common, generic fajsrincontemporaryil supply forecasts.

1. Many authors do not clearly identify all the assumptions that were made in
constructing theirforecast Thi s applies-lioedrodhandet!
0 p e a Kdresagt§(see below for definitions of these tesyn Someauthors

identify certain assumptions but not all, although the assumptionsocagtimes

be deduced. Many modellers also make certain assertions without supporting
evidence. Any assertion should either be backed by evidence, or identified as an
asumption.

2. Few modellers whiorecasta production peak also acknowledge that this peak
may not be the only critical point. As important as any peak will be any occasion
when supply constraints lead to damagingly high oil prices, perhaps as a result of
reductions in amount of oil available for export. There iamqmiori reason why

this should not occur markedly earlier than the peak itself.

3. Some forecasters do nase a model as such, but argue from economic
principles. Such arguments are difficutt &nalyse rigorously, and we have not
seen any useful historical precedents for the current situetiterms ofliquid

fuel supply?* We therefore take the view that any forecast with merit must
indicate actual sources, quantities and production ratei$ af alternative liquids.
Further, these sources, quantities and rates must be modelled, or at least shown to
be viable, rather than simply asserted.

3.2.2 Fundamentals of conventional oil supply forecasts

All forecasts ofconventionabil production when pu into graphical formconsist of

three fundamental components, namelyttipes ofoil included, the area beneath the
curve which represents the URR, and shape ofturve itself.Since conventionadil

is a finite resourcgeall viable production forects must rise with time to a peak or
plateau, then fall away eventually to zero. Even the models which forecast quasi
linear production growth up to 2030 must at some future date show a peak and a
decline.

The curve itself can be divided into a growth gdhand a decline phase, and perhaps a
plateau phase. Fundamentally, the height and/or date of the peaklgae changed

by changing either the area under the curve, ostlapeof the curve. At this level, all
the differences between the varioisecasts described below can be viewed as
changes in the URR, the growth rate and/or the declineatatiee shape of the peak
or plateau.

Some modelling techniques use the URR and/orstiegpeof the curve as input
assumptions, while others generate one ¢ bbthese as outpaitBut both type®of
model can be assessed according to whether these parameters are tbobght
realistic.

2 The transition from wood fuel to coal, or the peak and decline in coal usage in some countries suttKas the
are often cited precedents for the current situation with liquid fuels. But given the closeness of the oil peak as
calculated by many models, and the current absence of economically viable replacement fuels in sufficient
guantity, these examples mayt poovide good parallels.
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3.2.3 Types of oll
There is a range of liquids which may be included or excluded by the various models.

1 All models include light ath medium crude oil.
1 Most models include heavy oil.

1 Mostmodels include condensates obtained directly from gas fields or from gas
processing.

1 Some models include NGLs, or natural gas liquids. These are perhaps unique
in being little used as, or in the pragtion of, transport fuel. The inclusion or
exclusion of NGLs is a major source of differences between the various
forecastf global oil production.

1 Two models (Campbell and the University of Uppsala) differentiate between
conventional noalld iptheasbcaed xegular aili oand
conventional oil in deepvater or polar areas.

1 Some models include Canadian oil sand production, which consists of bitumen
extracted from oil sands (which may be reformed into synthetic crude). There
are also ptentially commercial liquids which can be recovered from
bituminous shales.

1 A few models include synthetic liquid fuels (synfuels), referred to as CTL
(coatto-liquids) and GTL (gago-liquids), derived from coal and gas
respectively.

1 A few models includ biofuels, which comprise alcohols, derived from the
conversion of plant sugars and starches (and potentially cellulose), and oils,
derived from various oibearing seeds.

The inclusion of synfuels and biofuels in a model, as oil substitutes, calls into
guestion the basic constraint of resource size (URR) as set out above. There is only a
finite quantity of conventional and naronventional oil, and its limits can be deduced
within some level of probability. However, the limits of coal and natural gasthend
proportions which could be diverted from other uses to make synfuels, are far less
clear. The potential volumes of biogenic gas that could be generated and used for
making GTL, or of plant matter that could be grown and processed for biofuels, are
aloo difficult to constrain. As Shell notes, oil for transponiay eventually be
substituted in part by electricity, although we must leave aside the question of how
that electricity is generated. Substitution in both supply and demand is therefore
inextricably linked to the duration of oil supply (where, again, oil as used in this
report means conventional and pmomventional oil; and excludes synfuels and
biofuels).

Forecasting the timing and degree of such substitution is an important topic, but is
outsidethe remit of this study. The possible substitutions involve relatively new
technologies, at least on the scale envisaged, but are these generally understood.
Economists, in conjunction with scientists and engineers, need to model the speed,
cost and impéaaf their development.
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3.2.4 The area under the curve

Theforecastgeviewed either assume or imply a very wide range of estimates for the

global URR br conventional oil (sedable 3.2). The models which forecast a peak

before 2030 dBnate the URR of conventionall to be in the range 1840150 Gb.

The two models which forecast no such peak and also provide estimates of URR,
suggest URR valuesf 3350-3500 Gb (but it i's shown | at
p e a k foracgsé, under ertain assumptions, may be compatible witbveer URR).

Note that mo st model |l ers do n,dat assttee URR &
volume that will be recoverable out to a fairly distant date.

The IEA estimatsthe total URR of alloil (i.e. conventonal oil, extraheavy oil, oil
sands and oil shalgto be around 6500 G heinclusion of CTls and GTls raises
this to around 9000 Gb. Total has a similar opinidrile CERA?® estimates thall-oil

URR to be 4821 Gb.

Until the USGS global assessment in PO, most estimates of the URR for
conventional oil were in the range 182800 Gb. The USG&000)mean estimatef

the global URR for conventional qfi.e. crude oil plus condensate and NGlsgs

3345 Gb*® This was a 47% increase on the previous USGighate andderived in

part from the inclusion ofeserves growtHor the first time, and also from a
significant increase in the estimated size of NGL resouites. global yeto-find
estimate forcrude oil (i.e. excluding NGL$ was largely unchanged. BhUSGS
estimate was among a new range of estimates of the conventional oil URR which now
regularly exceed 3000 Gb, sometimes by a wide margin. The validity of these new
estimates is discussed elsewhere in this repod also inTechnical Report.5

Below we explain our approach for comparing theecass covered in this study. We

focus on a URR thagxcludegar sands and shales, synthetic oils and biofuels, thus

restricting the URR to conventional oil as defined in this report @rle oil,

condensa and NGLs). This is despite the fact that most modelsde production

from Canadian tar sands. This restriction may seem arbitrary, becaigegenerally
recognised 6t he f uel tank does not care where i/
many autbors of the models discussed below specify such a URR (or a close
approximation), and our reasons for adopting this restriction are as follows:

1 Outside Canada, the time scale for gréeld oil sands projects is widely
acknowledged to be too great forsi@gnificant contribution by 2030. Within
Canada, various estimates put the maximunsaad output by 2030 to be
around 6- 7 million b/d (S6derberghet al, 2007) It is therefore difficult to
see great contributions from n@anadian deposits.

1 The URR for oil sandsan be estimated independently, and uses somewhat
different criteria than conventional oil.

1 There are practical limitations on oil sand and shale developments, imposed
both by the requirements for input energy and water, and by the political
issues stemmingrom the pollution and environmental degradation that
accrue. The URR of neconventional oil may not be simply tapped at will.

2 hitp://www.cera.com/aspx/cda/publicl/news/pressReleases/pressReleaseDetails.aspx?CID=8444

% Total oil, comprising conveional undiscovered, reserves growth, remaining reserves and cumulative
production, is 362 Gb for the US (including NGLs), 2659 Gb for the Rest of World (excluding NGLs), and 324 Gb
of NGLs from Rest of World. Cumulatiy@roduction: US = 171 Gb, Rest of Web= 539 Gb, NGLs = 7 Gbh.
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1 Oil shalesare barely commercially produced today except in Estonia, and are
unlikely to contribute significantly at a globatvel before 2030. They are
energyintensive to extract, and their production currently creates significantly
more CQ than does conventional oil.

1 The constraints upon, and possibilities for, biofuels are of a different nature to
those upon nogonventionabil.

1 CTLsand GTls are forecast to provide relatively small contributioto total
liquids fuel supply by 2030sgee.g. OPEC and IEA forecasts).

With these constraints, the URR for conventional oil is amenable to estimation. It can
be subdivided intofive distinct components:

1 Cumulative production

1 Reserves (ready for or already in production)
1 Fallow fields ¢liscoveredut undeveloped)

1 Future reserves growth

1 Yet-to-Find

These are discussed in turn below.
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Box 3.1 The relevance of energy return on investment (EROI) to the ultimately
recoverable resources of conventional olil

Estimating any URR is an exercise in economics as well as in geology and engineering. There
is no doubt that cheaper, better technology imade more oil and other liquid fuels, both
will

conventional and neoonventional, available for exploitation, and that this process
continue. What is less clear, and what the economic component of all the models
address, is where the limits mag.|

One limit is the EROI the energy return on invesent When the total bultip energy cost,

rarely

which includes steel, mamower, drilling, pumping, refining and transport costs, exceeds the

energy yield of the oil involved, a field may never be econdmipgroduce at any oil price.

Calculations of th&EROImu s t take into account t he d

fferent

their differing market price. For example, projects which convert a less valuable energy

source, such as nuclear energy, intoaatvaluable liquid fuel may have a negatsiROl on
a simple thermal equivalent basis, but may nevertheless be eco®@tis also variable

with time, as energy expenditure may be reducible as circumstances and technology|change.
For example, the laymnof a pipeline may decrease the energy investment required to exploit

small, nearby fields which previously had a negaERROI.

A comparative study of the fully built up energy and cash cost of producing oil from various
sources would help to clarify shiquestion. As an example, the oil price required to susthin a

new oitsand development in Canada is presently widely suggested $8®Harref’ Brent

crude first reached such a price in May 2007, yet oil sands have been profitably mined for
several deades. This implies that the marginal production cost has risen in line with the oil
price. This may indicate théEROI for new oitsands projects is smaller than generally

expected, and that marginal projects may remain marginaigher oil prices sinceinput
costs rise in line those prices

Another critical but unanswered question is how much oil could be produced globally without
crossing thisEROI limit? If higher prices made smaller conventional fields economic, wpuld

their combined volume be signifint? In general, accurate estimates ofER®©I of different

liquid fuels are few and far between. There is a need for a careful, quantitative assessment of
the effects of botfEROI and the oil price upon the URR, separated into conventional ofl, oil

sandsand oil shales.

3.2.4.1Cumulative production

Global cumulative production has been estimated by vaaatisorities but it does
not constitute a significargource ofdifference betweethe forecastsWe support a
value of some 1150 Gb of ail (mostly convational) producedoy the end of 2008.

3.2.4.2Global reserves

The size of global reservesas been fiercely debated for some years. Different

authors choose (and sometimes, wrongly, mix) different definitions of reserve, and
include different types of liquids. dubt has been cast upon the declared reserves of
OPEC countries, particularly the Middle East states of Saudi Arabia, Iraq, Iran, Abu

Dhabi and Kuwait. The reserve estimate§ these countrieshave not been

2 eg. $7080/b is needed to source new deepwater and oil sands projects (Maersk CEO Nils Andersen, reported
13 January 200%ttp://www.reuters.com/article/rbssindustryMaterialsUtilitiesNews/idUSSP40098720090113
New oilsands developments need at least $80/b oil to break even (CattleNetwork, 18 December 2008

http://www.cattlenetwork.com/Content.asp?ContentID=277650 Production costs of $480/b (Investors

Chronicle 13 January 2009); $70/b production cost (Times Online article, 5 January 2009

http://business.timesonline.co.uk/tol/business/industry_sectors/natural_resources/article544y053.ece
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independently audited, which matters a great deahuse thy hold nearly 60% of
the global total. In fact the reserves of these countries are the most important variable
influencing the global URR.

The issue concerns the reliability of the data. At various times between 1983 and
1990, these five stateamong others, recorded large sudden rises in their declared
reserves, rises which were not known to be supported by either new discoveries or
published and audited -gssessments. The widespread belief is that this was a
political act, to increaseeachbeint r yds share of the OPEC pro
values subsequently appeared almost immutable. For example, Saudi Arabia has
produced 1% 1.5% of its reserves base every year for the past 18 years, but without
any significant change in that resenase. Saudi Aramco staff and spokesmen have
sometimes attributed the reserves increase teagsessment of the recovery factor.

For example, in April 2008, Saudi Aramco announced a goal of raising recovery from
50% to 70% by 2020, which would representextra 14 years of production at 10
million b/d from the currentleclaredreserves of 260 GB Such increases in the
recovery factor would certainly support the official size of the reserves, and would
perhaps justify their lack of annual change. Whilehsuecovery factors have
occasionally been achieved elsewhere, they are not known derbenstratedor

these fields. This does not mean that the OPEC reserves data are necessarily wrong; it
means that we are uncertain, and that modellers can choodesibavinterpret these
observations.

As mentioned earlier, a potente&tror canoccur if 1P reserve estimates for individual

fields or regions are added arithmetically to produce regional, national or giBbal

totals. But the size of this error depends the probabilistic interpretation of the
relevantdataand in practicepubl i shed 1P data are Ifrarely i
available 2P data provides a much better basis for supply forecategechnical

Report 1 and 2)

3.2.4.3Fallow fields

We defne fallow fields as those which are discovered but not currently scheduled for
development. Some will be commercially viable and eventually developed, but others
may be permanently neoommercial and never exploited, because they are too
isolated, too smhor too complex. Our concern is that these fields are nevertheless
discoveries which are included in the industry dataset estimates of global reserves.

We are not aware of any systematic identification of which fallow fields are non
commercial. The IEA2008)reports that 257 Gb of conventional oil reserves exist in
known but undeveloped fielddistributed roughly evenly between OPEC and-non
OPEC countries. However, these are not divided into econantdcnoreconomic.

BP recently analysed IHS d&tand found that at least 231 Gb of discovered 2P
reserves had not been developed by the end of 2007 (although some were in
development), or 17% of the 2007 total. 135 Gb of this was discovered more than 10
years ago, 104 Gb more than 20 years ago, and 64 Gb more than 30 years ago.

Old discoveries are continually being developed, but we do not know how many more
wi || be viable. This issue is indirectly h
the future production which would be possible by the rapid development of all

28 http://nextbigfuture.com/2008/04/saugliabiasstatefuture-oil-goals.html
2 This analysis excluded US and Canada onshore (R. Miller, pers. comm.)
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reservesincluding those in fallow fieldsThis resuls in an improbable excess of
production capacity over forecast demand for over a decade.

3.2.4.4Reservegyrowth
The USG$2000)havedefinal reserves growths:

Afeé. the increases in estimated sizes of f
oi |l and gas fields ar e devel oped and pr o
considered to be proportioh#o the total size of the field. Reserves growth is a major
componend perhaps the major componeit of remaining U.S. oil and naturagjas
resources. o

Reserves growtis perhapamor e ac cur at etowth idieitloeservdye d as 0
since it is theestimate of cumulative discower(i.e. cumulative production plus
currentreserves) thas growing rather thangustthecurrentreserves.

The USGS assessmeint 2000 was the firstof their assessments apply future
reserves growtho global data The estimated P50 (mean) value refserves growth
world-wide was 612 Gb ovethe 30 years from 1995. This surprised many
commentatorsas it was comparable to the reserve additions anticipated from new
discoveriesover that periodPut into annual terms, theexagequantity of reserves
growth (~20 Gb/year)would amount to two thirds of current annual produc(e80
Gblyear)

The criticisms levelled at the USGS estimftereserves growtlwere recognised by

the USGS at the time, and so far the USGS has appateen proved correct. In

2005 Klett et al (2005) calculated the extent of reserves growth outside the US
during the eight years following 1995 (the base year of the study). They found that,
according to IHS data, 171 Gb, or 28% of the expected growth over 30 years, had
occurred, in 27% of the 3gear time frame. More recent data also support this trend
(seeTechnicd Report 3. But a number of factors and unique revisions, in addition to
technical recovery gains, can generate such apparent reserves growth, and it cannot
automatically be assumaitherthat such growtlwas real, or that wvill continue in

the future.

The IEA (2008)assesses that the average global recovery factor might, at some point
after 2030, reach 50%, from its current 35Pkis, they conclude, would effectively
raise globaremaining recoverablresourceby 1200 Gb. There is insufficient detail

to be certain whether the problem of refitbng new technology to existinfields is
addressed, but it may not always be economic to install expensive EOR technology
into small,old or abandoned field

Overall, eserves growthhowever s a serious issue which cannot be ignored. It may

be described by different authors as reserves growth, as EOR and enhanced recovery,
or as growth due to improved technology. It can be included in models either within
the URR (i.e. an increased volume) or as an addition to annual production (an
increased rate).

3.2.4.5YTF: Yet-to-Find

YTF is an equally contentious issue. In 2000, the USGS estimated that 939 Gb of
conventional oil remainedlobally to be discovered (732 Gb ofl, and 207 Gb of
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NGLs).*° This was considered to be accessible in the foreseeable future using existing
technology, not a forecast of what would actually be found in the following 30 years.
The estimate was considerably higher than most contemporaryatstiwhich were
typically around 206800 Gb. A subsequent USGS review (op. cit.) found that only
11% of the nofUS YTF had been discovered after 27% of the assessment period.
Although some took this asvidence that the USGS had overestimated the, Y-

11% figuremay underestimate actual discovemeer this periodasit does not allow

for future reserves growthn the newly discovered fields. Also, exploratiovas
restricted in a number dfie most promisingreade.g. Iraq)

The observedinding rate of the notUS YTF equatgeto 1.4%of the USGS estimate
peryear If applied globally thiswould suggest that remainirggobal YTF at the end
of 2008 comprisg 603 Gb of oil and 179 Gb of NGLs.

3.2.4.6URR: sensitivity

We estimate here the general sensitioityhesize of the globaURR of conventional
oil to thesize of the uncertainties in tliwe componentdisted above. The greatest
sensitivity is shown by the data fthe yetto-find, reservesand reserves growth
where the rangeof estimates are albf similar magnitude.Uncertainty on the
quantity of oil infallow fields ha a smaller effegtandthat onpast productionittle
effect.

1 Past production: Little sensitivityhere is little scope for large variations in
historical production. CERA" for example has estimated 1080 Gb produced
as of November 2006, which is close to our estimate of 1150 Gb as of
December 2008, based upon CSatigidale!| | 6 s
Reviewrecent production data.

1 Fallow Fields: About 150 Gb of reserves mayt me developableThis
estimate is based upon BPO0s review of

1 Reserves Growth: About 450 Gb of reserves growth may :0€hig estimate
is based upon the USGS mean estimate of 730 Gb, of which they report 171
Gb realised by er@003, or 21.4 Gbly. If we estimate a further 107 Gb of
growth to have occurred in the following 5 years, then by January 2009, some
452 Gb of growth may yet remain to be realised. This could be a conservative
estimate since the USGS study was confined top#eod up to 2025.
However, the range of uncertainty in the USBServes growtlestimate was
very large: namely between 229 Gb at P95 to 1230 Gb at P5.

1 Yetto-Find: The range between low and high estimates is some 678daie
models do not estimate YTKeferring instead to the global URR. Direct
estimates include (in order): Campbell 114 Ghirefuladoil; Miller 227 Gb
conventional oil; Energyfiles 250 Gb; Total 28600 Gb (probably of
conventional oil); Meling 309 Gb of conventional oil including NsGLBP
implicitly 300-400 Gb; BGR 623 Gb including NGLs; IEA 805 Gb including

30 hitp://pubs.usgs.gov/dds/d@§0/ESpt4.hti# Table
3 hitp://www.cera.com/aspx/cda/publicl/news/pressReleases/pressReleaseDetails.aspx?ClD=8444
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NGL%;Z)USGS 939 Gb in 1995 (we suggest an estimated 782 Gb as of end
20087).

Reserves: The range of estimates is some 6Q0TGbe | \EEDG2808gives a
review of the conventionadstimates of the proved (1P) reserwshich range from
1120 Gb inWorld Oil to 1332 Gb inOil and Gas JournalTheOil and Gas Journal
estimate includes 173 Gb of Canadian oil saiitie BP Statistical Rewaw, which is
often cited, lists reported proveglobal reserves of 1238 Gb. This is not an
independenestimate but sums official and public source data, and includes 21 Gb
from Canadian oil sandzojectsunder active development. For proved plus probable
(2P) reserves, IH8stimates some 1241 Gb, whiwould imply that 1P reserves are
smaller. The smallest estimate is that of CampBelNhich discountspart of the
OPECand FSU 2Reservesand also excludes polar, deepwater, Jegvy oiland
NGLs, to reach a figure of 734 Gfor the 2P reservesf Gegulad oil. CERA

i mplicitly accepts Oproved r eseaf $200 0 , al tl
Gb3*They may, in fact, be referring to 2P reserves.

In conclusion, the models differ largely in their assumptionsdserves growtland

YTF. Taken togéter, these give an uncertainty of 1100 Gb in the assumed global
URR of conventional oil. If Campbell's low estimate is excluded, the different
assumptions for global reserves contribute an uncertainty of some 210 Gb while the
uncertainties over fallow fids contribute approximately 100 Gb. The smallest
(mean) URR estimate is 1840 Gb (LBST) while the largest is 3577 Gb (IEA).

32 The USGS (2000) estimated that mean YTFfak985 comprised 649 Gb oil and 207 Gb NGL from outside the

US, and 76 Gb oil and 8 Gb NGLs from within the US. In 2005 the USGS reported that up to end 2003, 69 Gb of

oil had been discovered outside the US, a finding rate of 1.4% p.a.. If this findirgpries to all oil categories,

then we calculate that as of end 2008, the remaining global mean YTF according to the USGS would be 603 Gb oil

and 179 Gb NGLs, total 782 Gb

33 http:/ww.aspeireland.org/contentFiles/newsletterP DFs/newsletterd5_200811.pdf

¥Comprising: 662 Gb AOPEC Middle Easto, 378 Gb fAOther C
i Ar chitp:/evdw.cera.com/aspx/cda/publicl/news/pressReleases/pressReleaseDetails.aspx?CID=8444
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Figure 3.1 Constituents and range of uncertainty in the model assumptions for
the global URR of conventional oil
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Notes:

Compares the assumptions of eight of the models, together with reserve estimates from
various sources that are used by the models

Some authors assume zero reserves growth while others anticipate growth but dantibt qu

it.

Miller argues that a significant portion of the fallow fields will not be developed.

@Produced column foraCampbell regular olisums Campbel production data to 1980 and

BP (2008)data thereafterThislargely reflects globafall-oil6productionas the bulk ofnon
reguladoil has been produced since 1980.

EE I

3.2.5 The form of the curve

All supply forecastan be divided into a growth phase, a peak with or without a

plateau, and a decline phaskhe forecast is rarely symmetrithoseforecastswith a

significant phase of supply growththe Campbell model essentially has noresther

extrapolate supply to follow the forecast demand, or ignore demand to forecast the

maxi mum possi bl e oi |l producti on capacity
extrapoate historical demand trends while more sophisticated models model energy
demand using assumptions about population growth, GDP growth, the secular change

in energy intensity and other variables. But despite these differetheesate of

demand growth upo the peak (or up to 2030 if no peak is anticipated) is relatively

similarin all of the forecasts (e.g. ~1.3%/year)

The form of the peak itself can be relatively sharp (@egk Oil Consultingor drawn

out into a plateau. It is fair to say that mostmenentators and modellers verbally
expect the form of the peak of oil production to be an undulating plateau, and equally
fair to say that nene has produced a quantitative model of such a plateau. Such a
model would necessarily include the feedbacks betwsupply and demand.

The assumed formand gradientof the posipeak decline are fundamental. The
decline rate (either field or aggregate decline) is sometimes an output parameter but
oftenan input parameter, in which case the form generally usegpanenrtial, with a
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fixed rate of decline year on ye@eeTechnical Report 4 While usually noa priori
evidence is provided that exponential decline is the correct function, it servas as a
approximationIn practice, decline is likelyo be a more comek function than this,
because of the different components which it includes. Some care in defiging th
decline rate ishereforerequired.

The postpeak decline in global oil production will be the net effect of (i) the average
decline of pospeak fields (ii) the zero decline of fields which are at plateau, and (iii)

the contribution of fields which are just coming on streare, in development, or
indeed have yet to be discovered. Some good data are now becoming available on the
average decline rate pbstpeak fieldCERA, 2008; Hooket al, 2009; IEA, 2008)

despite the fiveor even terfold range in decline rates found between largesioore

fields and small ofshore fields. More serious perhaps is the lack of data about the
fields which are on a plateawe are not aware of any quantitative estimate of how
many fields or how much production falls into this category.

3.3 Overview and comparison of the forecasts

3.3.1 Graphical comparison

Figure3.2 presentgylobal forecasts frorthirteenof models reviewed in this study.
Most of the forecasts cover lil, but the precise coverage of liquids varies from one
model to anothetA common production history from 1990 to 2007 is providethg

BP Statistical Reviewlatafor theannual global prduction of aHoil.

In cases where modellers provide alternatorecastsonly ther doase casemodeb
areshown on this Figure wi t h t he exception of .Shell,
OPECOSs c o-nivfeetdsiaommda | Mi | | er 0 sbothmerctideNGLs,wh i c h
have been rpasedhere for plotting such that their forecasts matchBReStatistical
Reviewvaluefor oil production in2007, which does include NGLs. Growth in NGL

supply means that ithre-basing may lead to an ovesr underestimate k 2030 of

perhaps 2 million b/d, whicfor our purposess not significant.

The first striking observatiorfrom Figure 3.2 is the sheer range. The highest
estimated production for 2030 is almost three times the lowest, with nige @&t
forecast peak dates ranging from the immediate past to the indefinite futomay It
seemsurprising that authoritative studies can reach such different conclusions on such
a crucial question.

One immediate cause of this range is that models inctudexclude different
componentsand in particularsynthetic fuels derived from coal and gas, and biofuels.
This cannot be avoided, and the different assumptomsientifiedin the discussion
below whereappropriateB u t even wioeh Omsildeey (saldlinds on
the plot), the production range by 2030 is over two and a half times.

% BGR has published its modelling technique, but has not, we believe, recently published a detailed forecas
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Figure 3.2 Comparison of thirteen forecasts of aHoil production to 2030
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===BP Statistical Review = ExxonMobil: All-oil US ElA: Conventional oil, reference case
IEAWEQ 2008 Conventional il e VPEC 2008 Conventional oil {rebased) Total 2008 All-oil

e liller 2000: All-o0il (rebased) = lyleling 2006: Base case, all-oil el All-oil (Blueprint scenario)

e Sl All-0il {Scramble scenario) e E1er gy files 2009 All-oil Uppsala: All-oil excluding YTF
Peak Oil Consulting 2008: All-oil e Campbell 2008 All-oil e | BET - All-0il

Note
1 Annual global production from 2000 to 2007 taken from(BE08) o

I Forecasts refer to atlil as far as possible, but coverage of liquids does not always coincide.

1 The OPEC and Miller forecasts exclude NGLs. Thesecfaest s habasbdénhére to
match the BP production figure for 2007. Since the estimated production of NGLs is assumed
to remain fixed until 2030, these forecasts may be downwardly biased.

There are two basic gups of model results iRigure 3.2. The first group &mplified

in Figure 3.3) indicates an approximately linear growth to 2030, such that if the
model |l ers foresee a peak it i s bleynoenadr 6t h e
forecass are those from the IEA, US EIA, OPEC and ExMuabil (and the views of

ENI and BP are in broad agreement). frase four mode)swo forecasts are shown
6adiladd 06 al ITheseinpdels dyenérally forecast oil demamd then

allocate sourcesfeupply to fill ths demand.
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The second group dbrecasts Figure 3.4) indicaes some form of peakn all-oil

production before 2030, followed by a decline. The LBSTampbell, Peak Oil

Consulting Uppsala,Energyfilesand Totalforecastdnitially forecast demand rising
approximately linearlyoefore falling awaylue to resourcerits. Mel i ngébs model
not ed, peaks | ate but does not meet foreca
specifically not a forecast of actual production, but of the maximum that could

possibly be achieved, regardless of cost, were all fallow fieldnewdiscoverieso

be developed immediately. Consequently this model shows an initial rise of potential

capacity beyond demand, before falling away.

The annual rate of pepte ak decl i ne of gl obal oil produc
is variously foreast to be about 0.2% (Totalgpid initial decline which levels off to

just under 2%(Uppsala); 2.1% (Campbell); 2.0% in 2025 rising to 2.3% in 2030

(Peak Oil Consulting 2.0% in 2022 rising to 3.0% in 2029 (Energyfiles); 0.4% in

2030 rising to 2.6% (Mag); 3.3% from 2025 (Miller); and 3-8.0% (LBST). The

URR of these peaking models is variously defined, but as a guide ranges from 1840

Gb (LBST) to 2800 Gb (Miller) and 3149 Gb (Meling).

UK Energy Research Centre UKERC/WP/TPA/2009/022





































































