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Abstract

The assessment of future gl obal oi | producti
2008 (WEO 2008) is divided into 6 fractions; foulate to crude oil, one to nesonventional oil

and the final fraction is naturglsliquids (NGL). Using the production parameter, depletion
rateof-recoverableaesources, we have analyzed the four crude oil fractions and found that the

75 Mb/d of crude b production forecast for the year 2030 appears significantly overstated, and

is more likely to be in the region of 55 Mb/d. Moregvaralysis of the other fractions strongly

suggests lower than expected production levels. In total, our analysis points to a world oil supply

in 2030 of 75 Mb/d, some 26 Mb/d lower than the IEA predicts.

The connection between economic growth and energy usse f undament al I n
present modelling approach. Since our forecast sees little chance of a significant increase in
global oil production, our findings suggest that tpelicy makers, investors and end usexs"”
whom WEO 2008 is addressed showdthmmk their future plans for economic growth. The fact
that global oil production has very probably passed its maximum implies that we have reached
the Peak of the Oil Age.
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1. Introdu ction

The International Energy Agency (IEA) is an autonomous body within the framework of the
Organisation for Economic Gaperation and Development (OECD). Its purpose is to act as an
energy advisor to the 28 member countries of the OECD. Every yelAhmublishes its report
fiWorld Energy Outlook. And its 2008 edition was rel ease:q¢
page 51, regarding prospects f otheresullsoféhesd gas
analyses are intended to provide policy kais, investors and end users with a rigorous
quantitative framework for assessing likely future trends in energy marketsTh e consequcé
of widespread reliance on the WEO prognoses have already been discussed in the press
(Monbiot, 2008). Specifically, it is noted that the British government places great faith in the
| EAG6s projections. A dlictioms ¢tamaalso beeseerwithirotfie Swvedishs t i
Energy Authority when its standpoint on future oil production is examined (Swedish Energy
Authority, 2006).

The WEO 2008 study, designed and directed by Dr. Fatih Birol (Chief Economist of the
IEA), was advisedn the prospects for oil suppby a panel consisting of Guy Caruso, Robert
Fryklund, Leo Roodhart, Ramzi Salman, and Adnan Shkitldim (IEA, 2008). In addition, they
had support and eoperation from many governmental bodies, international organizadiamhs
energy companies worldwide. Many international experts provided their input, commenting on
the underl ying analytical wor k, Tharcammenesande wi n g
suggestions were of greatvafue st at es t h e thefinahchoicd af whetheeaor hof b ut
to use these comments rested solely with the editors of WEO 2008. It is in the interests of an
open debate based upon a complete analysis that this paper is presented and is should be seen as
an important adjunct to the B 2008.

1.1 Aim of this study
Many people and organizationsnsiderthe WEO as an authoritative document and use it as a
guideline for developing future energy policy. In this paper the IEA liquid fuels forecast has been
broken down into its componenags and analyzed in an effort to verify (and if necessary,
challenge) important aspects of their work. The approach is a familiar one to those of us used to
the normal peer review process. The importance of the peer review process can be seen by the
fact that the Intergovernmental Panel on Climate Change (IPCC) has an explicit policy that
contributions should be supported as far as possible by references from within thevigsezd
and internationally available literature (IPCC, 1999).

The focus of ouanalysis is on the oil production Reference Scenario that forms the core
of WEO 2008 (Figure 1). This is a possible scenario for future oil production that meets
projections for future oil demand and is divided among 6 different fractions:

1. Crude oili currently producing fields,

2. Crude oili fields yet to be developgdfallow fields),
3. Crude oili fields yet to be found,

4. Crude oili additional EOR (enhanced oil recovery),
5. Nonrconventional oil and

6. Natural gas liquids.

In this analysis, we will discuss the demand scenario and the scenarios for the production
of each of the six oil fractions. Our report will also present an alternative future outlook for
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global oil production based on the same oil categories as thosbyuesl IEA (2008) as well as
results and findings from various scholarly studies.
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Figure 1: World oil production by source in the Reference Scenario. Digitized and adapted from
Figure 11.1 in WEO 2008.

1.2 Data gathering

For this analysis it imecessary to access the IEA data in a numerical format. Using a program
for the digitization of figures (typical resolution of the digitizing process is estimated at less than
0.1 Mb/d per pixel, excluding human errors), we obtained the numbers showblénlTand in

turn this data wre used to reconstruct Figure 11.1 from WEO 2008 (Figure 1). From Table 1,
annual production, cumulative production up to 2030, the depletion rate of remaining
recoverable resources and other useful parameters can all batealc

Table 1: Digitizing of Figure 111 from WEO 2008NumbersindicateMb/d

Year Currently Yet to be Yettobe Enhanced Non-conv. Natural gas
producing developed found oil recovery oil liquids
2006 71.3 0.0 0.0 0.3 1.6 10.2
2007 70.9 0.0 0.0 0.3 1.7 10.5
2008 68.0 2.5 0.0 0.4 1.8 11.1
2009 64.6 5.2 0.0 0.4 2.1 12.2
2010 61.0 9.1 0.1 0.5 2.1 12.8
2011 58.9 11.5 0.1 0.5 2.8 13.2
2012 56.1 15.0 0.1 0.5 3.4 13.2




2013 54.0 18.1 0.2 0.6 3.7 13.6
2014 51.2 20.8 0.4 0.6 4.1 14.0
2015 48.8 22.6 0.8 0.8 4.6 14.4
2016 46.8 24.4 1.0 13 4.9 15.3
2017 44.9 25.6 11 14 5.9 15.9
2018 43.1 26.7 1.7 15 6.5 16.0
2019 41.0 28.0 2.5 1.7 6.9 16.3
2020 39.6 26.7 3.8 3.2 7.0 17.0
2021 38.2 27.0 4.6 3.7 7.4 17.3
2022 36.5 27.5 5.8 3.8 7.9 17.6
2023 35.1 27.4 7.3 3.8 8.1 17.8
2024 33.5 28.0 8.3 4.4 8.3 18.3
2025 32.0 27.4 10.3 5.1 8.4 18.5
2026 30.6 27.1 11.0 5.5 8.5 18.8
2027 20.1 27.0 12.6 5.8 8.6 19.0
2028 27.9 25.7 15.2 6.0 8.7 19.3
2029 27.7 24.3 17.0 6.2 8.8 195
2030 27.1 22.5 19.2 6.4 8.8 19.8

2. Future oil needsi the demand scenario

Predictions by the IEA of future oil demand have always been guided by the connection between
economic growth and increasing oil consumption. On page 92, WEO 2008 declares that:
fieconomic activity remainthe principal driver of oil demand in all regions. Since 1980, each
1% per year increase in GDP has been accompanied by a 0.3% rise in primary oil @emand
scenar.i
2015. This reques an increase in oil consumption of 1.3% per year and, for the period following
that, they foresee an increase of only 0.8% per year. World oil demand by 2030 would therefore
be 106.4 Mb/d based upon these figures. Consequently, production must inctbasgap
between the current and projected future demand is to be closed.
It should at this point be noted that WEO 2008 presents a considerable reduction in
predicted demand when compared with the 123 Mb/d by 2030 presented in WEO 2004 (IEA,
2004). Tre previous forecast was based on a correlation of a 3% per year rate of economic
growth to a 1.6% per year rise in the rate of oil consumption. Imi@nmnet publication from
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3. The outlook for crude oil production

Crude oil is the dominant contributor to world liquid fuels supply. In WEO 2008, the IEA chose
to divide this important source of liquid fuels into four different fractions; currently producing
fields, fields yet to be developed, fielget to be found and additional EOR (enhanced oil
recovery).

3.1 Crude oil i currently producing fields

Production of crude oil from those oil fields that were in production in 2007 is reported as 70.2
Mb/d on page 250 of WEO 2008. The question is what will production will be by 2030, 23 years
later.

In their Reference Scenario, the IEA distinguishes batvypeeduction from onshore and
offshore fields (IEA, 2008). This distinction is logical, since one can see that the production
weighted declines for these two production types are very different (Ho0k et al., 2009a, H66k et
al., 2009b). In part, this is bagse it is often easier to maintain and upgrade fields on land than
those that are found at sea, implying that the decline rate for the former relative to the latter is
lower. However, other key factorssuch as the need for high flow rates to recovegelanitial
investments also play an important role in determining actual decline rates.

The fieldby-field analysis of decline rates provided in chapter 10 of WEO 2008
describes results consistent with our own studies of a similar number of gian{Hiétilset al.,
2009b). The general trend is that offshore fields decline faster than onshore fields, due to the
differences in economic conditions and chosen engineering solutions. The contributors to WEO
2008 have also made separate studies of geneldcbiehaviors and decline rates and similar
conclusions (as well as a strong correlation between the depletion rate of remaining recoverable
resources and the average decline rate) were found by HA6k et al. (2009a).

On page 255 of WEO 2008, the IEA (2008tes that the mean decline rate for fields on
land is 3.2% per year and the corresponding offshore value is 6.3% with both remaining constant
during the 23 years to 2030he IEA fail to show how they arrive at these decline rates and the
productionweighted average decline rates that they give for fields in decline are higher than
these particular figures of 3.2% and 6.5%. Production is made up of fields that are in decline,
fields in plateau production, and fields that are currently under developmehienoe where
production is still rising. A productieweighted average decline rate of 3.2% for all fields
currently in production (rather than just the fields already in decline) is therefore plausible, and
we assume that the 3.2% value is just such abeunif we extrapolate the values that we have
previously calculated for giant fields to cover the size range of the fields analyzed in WEO 2008
then we obtain a value similar in size to that of the IEA (H60k et al., 2009b). In the same way,
we can say thahe decline rate of 6.3% for offshore fields is also plausible for all offshore fields
and not just those already in decline.

The | EAG6s assumption about constant me an
statement as t hethelefpétedsHiftanothe waurces ef £rude bilain terris of
region, location and field size, means that the average produatgghted observed pepeak
decline rate tends to rige. Currently, the world iIis seeing a
rates buthis is not discussed by IEA in any detail, despite the fact that this increase may result in
a difference in oil production rate as great as 7 Mb/d by 2030 (HA6k et al., 2009b).

At the sixth meeting of the Global Roundtable on Climate Change on FebQ@®yaP
Columbia University in New York, IEA Chief Economist Fatih Birol discussed three strategic
challenges for the future and one was the gap caused by decline in existing production. Birol
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(2009) n evereifdil dehaad was té remain flat to 2035 Mb/d of gross capacity
roughly four times the capacity of Saudi Arabiavould be needed just to offset decline from
existing field

In conclusion, this part of WEO 2008 is sound and is in overall agreement with the
findings of other investigains (HOOk et al., 2009b). Consequently, we find no substantial
di fferences and nothing to object to in the I
fields. We can only conclude that significant new capacity additions will be required to offset
decline in existing production, and the immense scale of this challenge seems to be adequately
understood by the IEA.

3.2 Helds yet to be developed

Using the digitization program, we extracted production data for fields yet to be developed from
Figure 11.6 in WEO 2008 (Table 2). This new production is divided into four classes of field:
OPEC onshore, OPEC offshore, PORPEC onshore, and ndDPEC offslore. Page 257 in WEO

2008 states that the total oil reserves to be developed are 257 Gb in 1874 fields, with 133 Gb in
OPEC fields and 124 Gb in nddPEC fields. The onshore percentages for OPEC and non
OPEC fields are 65% and 38% respectively.

If we calalate the cumulative production of yet to be developed fields, we find to our
surprise that we get a total production for the period 2080 of roughly 185 Gb, in
disagreement with the 257 Gb stated on page 257 of WEO 2008. This error will not affect the
rest of our analysis and is likely the result of a typographical error or numerammix WEO
2008. Table 3 shows the current reserves in each field class, the volumes to be produced by 2015
and 2030 and the reserves remaining in 2030 as stated in MO 2

In determining whether or not the WEO 2008 reference scenario for new field
developments is realistic (Figure 2), we chose to utilize depletion rate analysis. H60k et al.
(2009a) as well as Jakobsson et al. (2009) and H66k (2009) have shown yhaerbain
depletion rates are reasonable for real production. Our approach here is to compare the depletion
rate behaviour in the IEA outlooks with historical experience and see if they agree with realistic
values.



Table 2: Digitization of Figure 11.6n WEO 2008NumbersndicateMb/d

OPEC Onshore OPEC Offshore Non-OPEC onshore Non-OPEC Offshore Total

2008 0.72 0.27 0.77 0.92 2.68

2009 1.64 0.62 0.96 1.92 5.14

2010 2.60 1.69 1.23 3.54 9.06

2011 3.71 2.35 1.73 4.23 12.02
2012 4.82 3.12 2.08 5.38 15.40
2013 5.40 3.92 2.42 6.38 18.13
2014 5.86 4.54 3.15 7.08 20.63
2015 6.78 4.65 3.31 7.85 22.58
2016 7.58 4.38 3.54 8.54 24.04
2017 7.96 4.42 3.15 9.54 25.08
2018 9.19 4.00 3.42 9.69 26.31
2019 942 3.77 4.00 10.23 27.42
2020 10.18 3.50 4.38 10.73 28.80
2021 10.45 3.27 4.50 10.85 29.07
2022 10.76 2.92 5.08 10.58 29.33
2023 10.52 2.77 5.54 10.08 28.91
2024 10.40 2.77 6.12 9.50 28.79
2025 10.28 2.42 6.27 8.65 27.63
2026 10.32 2.58 6.31 7.54 26.74
2027 10.51 2.50 6.65 6.92 26.59
2028 10.31 2.62 6.08 6.15 25.16
2029 9.66 2.42 5.81 5.96 23.85
2030 9.15 2.12 5.73 554 22.54

Table 3: Reserves yet to be developed in Gb, divided into different field classes. Based on
Figure 11.6 in WEO 2008

Reserves not| Volumeproduced| Volumeproduced| Reserves at thg
yet developed by 2015 by 2030 end of 2030
OPEC onshore 86.5 11.5 65.1 21.4
OPEC offshore 46.5 7.7 24.7 21.8
Non-OPEC onshore| 47.1 5.7 33.7 13.4
Non-OPEC offshore| 76.9 18.6 61.3 15.6
Sum of all classes | 257 43.5 184.8 72.2




IEA production forecastfor fields yet to be developed
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Figure 2: Crude oil production from ydb-be-developed fields in OPEC and r@PECregions
by location in the WEO 2008 Reference Scenario

The depletion rate of remaining ecoverable resouree ds., is as important for
understanding the buHdp and plateau production phases of an oilfieldoasinderstanding the
decline rate and ta#nd production of a field. Thparameter r@abeen studied in a fieldy-field
study of giant fields, where a narrow band of reasonable valuekfes observd as wellas a
strong correlation betweet); at peak and thaveragedecline rate (Ho0k et al., 208 HO60Kk,
2009. Its definition is given in Equation 1,

gt qe
d - — = 1
= R~ Ro— Qs ()

where

ds: = depletion rate of remainirmgcoverableesources

R, = initially present reserves or ultimate recoverable resources
R, = remainingrecoverable resourcestime t,

q: = production at time, t

Q; = Cumulativeproductionup to time t

If we have an arbitrary oilfield which follows exponential decline curve behaviour, we
can apply a typical production profile (Figure 3). The plateau normally ends before half of the
ultimately recoverable resources (URR) have been produced, typicallpdadiit5% and
production peaks within a narrow interval of depletion rates (H60k et al., 2009a). It is interesting
to note thaldz: increases until the end of the plateau production phase and reaches a maximum



at this point in the general hyperbolic case (HO6k, 2009). The exponential decline curve is a
special case of the general hyperbolic case, and is significantly easier to work with. It can be
analytically shown thatis, prior to the onset of decline wikqual the average decline rate
(Jakobsson et al., 2009), thaig will be constant once the maximum value has been reached. A
more complete description of depletion rate modelling as well as mathematical derivations for
field behaviour can be found 66k (2009).

Theoretical field with exponential decline
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Figure 3: Theoretical production curve of a®Gb field following & exponentiadecline curve
with a decline rate 05%. Based on HO0k (2009)

Normally, in a region with several fieldss, stays at a relatively constant value after the
regional production peak. We have also observeddthdbr a region always tends to be lower
than for the individual fields that constitute the region. This is explained by the fact that a region
consiss of fields in decline as well as fields in a buwid or plateau phase or even
dormant/undiscovered/undeveloped fields and will have the effect of moderating the
aggregate;.

The North Sea is a region with an estimated URR of around 75 Gb (Taklgh35 Gb
in Norway, 35 Gb in the UK, and remainder located in the Netherlands, Denmark and Germany.
The first North Sea oil was produced in the +hf270s and its production peak occurred in 2000.
Figure 4 shows the depletion rate behaviour of the Nogtnh $ Table 4 a comparison of the
North Sea with other regions finds that no other region in the world has shown more rapid
deletion of remaining recoverable resources than the North Sea region. This is consistent with
the aggressive development of it§sbbre production capacity. Typicdj,-values for regions
are below 7% and are usually even lower for larger regions.



However, we must stress that 7% should not be regarded as an absolute or theoretical
maximum. Rather, it is only an empirical uppeaiue that has been observed in historical time
series. No one can provide definitive predictions of what depletion rates might be achievable
under very high oil prices in regions with much of the necessary infrastructure already in place
and producers keeon extracting the oil rapidly. However, there is little doubt that depletion
rates equal to or surpassing the most extreme rates seen historically are possible given sufficient
availability of investment and its correct application. The depletion ratgtreamt is dependent
on the size distribution of fields, life times of fields, decline rates, infrastructure needs and many
other factors that require further and more comprehensive studies to be better understood, but
this is work for future studies. Emmal data at the field level (H60k et al., 2009a) and the
regional/global level (Jakobsson et al., 2009) show the existence of a depletion rate limitation
and that this is useful in forecasting.

In contrast to the maximum depletion rates that might Issiple, we see that slow rates
of investment, the fact that some producers are unlikely to deplete their oil at extremely high
rates (this particularly applies to OPEC), accessibility issues, environmental concerns that call
for reduced oil consumption agell as other limiting factors support a 7% depletion rate as a
reasonable assumption for the future. The IEA and other authors who assume depletion rates
higher than anything previously seen must justify their higher rates.

Table 4: Depletion rate of remining recoverable resourcest peak for selected countries, along

with the peak years, peak production levels and estimated URRs used for calculations. For
comparison we give thé;, numbers for 332 giant oil fields awdherethese fields can be seen

as a region.URR estimates taken froBERR (2008), HOOk and Aleklett (200&8ampbell
(2009), HO6kK et al (2009tand Norwegian Petroleum Directorate (2009)

Country Peak Peak Prod. | Depletion rate of remaining Estimated
Year [Mb/d] recoverable resourcest peak URR [Gb]
USA 1970 9.6 2.6% 230
Giant fields 1979 44.5 1.8% 1136
Russia 1987 11.5 2.4% 250
Indonesia 1991 1.7 3.0% 35
UK 1999 2.9 6.9% 35
North Sea 2000 6.4 5.6% 75
Norway 2001 3.4 6.1% 35
Mexico 2004 5.5 5.5% 60

Two key projects for future OPEC capacity are Khurais and Manifa. Correspondingly,
closer investigations of these two projects are useful to better understand OPEC's yet to be
developed capacity. The Saudi Arabian Khurais project, including the Abu ditaiMazalij
fields, is estimated thold a total of 27Gb (Worth, 2008). Massive water injection systems are
planned from the start, a measure that is normally used after a field has been producing for
several years (Landers, 2008). Saudi Aramco expediKthaais and its satellite fields should
produce around 1.2 Mb/d or 0.44 Gbly of high quality Arabian Light Criitlee(y, 2006 ,Latta,

2009). Reasonable depletion rates are around 2% and it is reasonable to assume that the same
production rate wilbemant ai ned beyond 2030 in |ine with S
Calculating theis-value, we get 1.6% at the start and around 2.5% by 2030, which is relatively

low compared to nGOPEC fields but well in line with the behaviour of other Saudil$ie
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The Manifa field development is the second mammoth project under way in Saudi
Arabia, revived after a long period of being mothballed due to the heaviness of its crude oll
(Saudi Aramco, 2008). This offshore field is expected to produce 0.9 MBd3dGb/y once it
reaches plateau production (Latta, 2009). The field is estimated to cotagGh (Robelius,
2007) and I EA (2005) places Manifados URR at
writes that Manifa only has an estimated crude resart® Gb, but this may refer to only a part
of the field. Manifa was originally due to come on stream in 2011, but due to the financial crisis,
we now expect that it will be delayed for some years and that 2015 may be a more realistic
production start dat At start, we calculatés, will be around 1.4%, and that it will reach 1.8%
in 2030.

From Table 3, we can then calculate the for the data points given in Figure 11.6 of
WEO 2008 (Figure 5). Thes.-numbers for OPEC offshore fractions incedo ~4% and then
remain constant. During the 20 years it took to reach the maximum rate of production in the
North Sea, the depletion rate increased by around 0.3% per year. The build up phase for the
OPEGoffshore field class is faster (Figure 5), bug van accept this because it may be assumed
that a large fraction of the build up comes from Manifa. Half of the OPEC offshore field class
(22.8 Gb out of 46.6 Gb) hasdg,-value of 1.8 % by the end of the period. If the rest of the
projects in this @ss reach 6%, it is acceptable to havilgparameter of around 4%, which we
see in 2017. However, OPEC has never developed fieldsiyHhumbers of 6%. The depletion
rate for remaining recoverable resourels, for the other three field clases (OPEC onshore,
nonOPEC onshore and ngdPEC offshore) reach numbers that have never been previously
seen even in the most prominent offshore region, i.e. the North Sea.

North Sea depletion rate behaviour
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Figure 4: Development of thés.-parameterfor the total North Sea region. The depletion rate
increased by 0:D.3% per year until it levelled off at the maximum depletion rate of remaining
recoverable resources
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The nonrOPEC onshore class is said to bt domi
production today has @s.-value around 3% (Mé&kivierikko, 2007). There are indications that
Russian oil production has reached a second peak and will decline in the future (Hoyos and Blas,
2008; Upstream, 2008; Gronhdtedersen, 2009). No othershrore region of comparable size
has reachedis.-values higher than around436 (Table 4), implying that much highet;s,-
values than are currently observed are unreasonable. Since Russia dominatesQR&E@on
onshore class, we can limit the dematrate for this class to roughly 3% in our future prognoses
(Figure 6). The noi©OPEC offshore class can be expected to develop quickly and to behave in a
similar manner to the North Sea. We regard this as an optimistic stance given the favourable
economicconditions that pertained during the development of the North Sea (Figure 6) and this
may be a less realistic outlook going forward.

In contrast to the ne@PEC offshore class, we assume that production from the OPEC
onshore and OPEC offshore classes il developed in line with historical strategies. Thus,
emphasis will be placed on low depletion rates and production longevity as opposed to the rapid
development assumptions used by the IEA (2008). It is hardly reasonable to assume that OPEC
will develop all their fields prior to 2030, as their strategy is to maintain stable production. In
conclusion, we expect low depletion rates from OPEC and limit these to ¢hB2 in line
with Saudi Aramcods production goals (Figure

Depletion rate behaviour in WEO 2008
18

16

Depletion rate of Remaining Recoverable Resources [%]

2005 2010 2015 2020 2025 2030

—+—0PEC onshore -m-QPEC offshore Non-OPEC onshore —=<Non-OPEC offshore =—=—=North Sea

Figure 5: Depletion rates for remainingecoverable resource®r OPEC onshore and offshore
and norOPEC onshore and offshore production used by the IEA in World Energy Outlook
2008. For comparison, the depletion rate development of the North Sea is also shdechtshif
start in the same year.
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The unrealistic forecast given in WEO 2008 for production from fields yet to be
developed gives a maximum for all field classes combined of 29.3 Mb/d just after 2020
subsequently falling back to 22.5 Mb/d in 2030. This il gossible with unreasonably high
depletion rates. We cannoonsiderthe assumption that OPEC will develop their reserves much
faster than the North Sea as reasonable. We obtain a very different future outlook for fields yet to
be developed when we apptlepletion behaviour consistent with historical experience and
production policies (Figure 7).

A difference of 9 Mb/d in 2030 is seen for production from fields yet to be developed in
the IEA Reference Scenario (with a production of 22.5 Mb/d), compathdur scenario (with
a production of 13.5 Mb/d). Even though our projection is much lower than that of the IEA, we
must still considerour outlook as optimistic. The y&t-be-developed reserves of 257 Gb in
WEO 2008 are located in 1874 fields that sdozdme into production during the next 20 years.
That is something like 8 fields per month coming on stream during that period, with a significant
proportion of these fields being developed at a pace equal to that of the North Sea. Even if the oil
exists, it is questionable whether the necessary investment needed to produce such a rapid pace
of development cabe achieved in timely fashion.

Reasonable depletion rate behaviour of fields yet to be developed
18

16

14
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Figure 6. Reasonable depletion rate behaviours of the different field classesORBG
offshore is assumed to lwkeveloped equally fast as the North Sea, while other classes are
developed less aggressively and have lodygfvalues, consistent with production policy and
historical data.
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In summary, we find the production outlook made by the IEA to be problematic in the
light of historical experience and production patterns. The IEA is expecting the oil to be
extracted at a pace never previously seen without any justification for this@ssu In theory,
it would be possible to achieve such a rapid depletion if proper investments were made along
with sufficient access to the fields, but this must be seen as an extreme case. Instead, the
production policies of OPEC as well as recent foianchallenges indicate that one can expect
lower depletion rates in the futureater in this study, we will consider both faster and slower
development rates of the fields yet to be developed in order to provide more comprehensive
outlooks into future wrld oil production.

Realistic production outlook from fields yet to be developed
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Figure 7: A realistic production outlook the fields yet to be developed fraction in WEO 2008,
based orrealistic and historicaldepletion rate behaviouThe IEA forecast islso shown for
comparison.

3.3Fields yet to be founl
In the WEO 2008 Reference Scenario, oil production is predicted to be 104 Mb/d by 2030, 25%
of this is to come from fields with declining production, 22% from known fields yet to be
developed and 18% (19 Mb/d) from oilfields yet to be found. To justify28% contribution
from currently producing fields the IEA uses an entire chapter anduggfies the 22%
contribution from known fields yet to be developed in just three pages. However, in defending
the 18% from oilfields yet to be found the IEA usesydhk following sentences, combined with
Figure 8:

AConventional 0 i -to-bedoural dialds i praectedftor reach 1Y Mbid
in 2030, based on the projected discovery of 114 billion barrels of reserves worldwide over the
projection period. Almost 11 Mb/d comes from offshore fields. Onshodeigiion comes mostly
from OPEC countrie§ 8 Mb/d out of a total of 8.7 Mb/d in 2030as most undiscovered
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resources in the Middle East are onshore. By contrast, the bulk of production fracbget

found offshore fields comes from RFORPEC countries:tiey produce 7.9 Mb/d out of a total of

10.7 Mb/d in 2030. Ne®@PEC offshore yetio-be-found fields are about equally divided between
Russia and other Eurasian countries, Africa a

After reviewing WEO 2008, we must question the redl#hind these numbers. On page
257, WEO 2008 states that discovered fields include fields discovered in 2007. The production in
2030 is based on projected netwide new discoveries of 114 billion barrelsut they give no
details of how much will be disceved in the different regions. Historical discoveries of crude
oil during the time period 1945 to 2005 are presented in, for example, Robelius (2007) or
Campbell (2009). The rate of discoveries peaked in thel®tds and has decreased ever since.
Extrapohting the historical trend observed over nearly half a century, we estimate that around
149 Gb can be discovered during 2I0.

The typical lead time between discovery and first production is about 5 years for giant oil
fields, with the current trendeing towards longer delays (HO0k et al., 2009a). Fields expected to
be in production in 2030 must in most cases be discovered by 2024 or so, in order to be
developed and on stream. Consequently, we use the summed discoveries from 2008 to 2024 as
reservesd be developed, which can be estimated at 121 Gb. Thus, the 114 Gb that the IEA uses,
is a realistic value according to our analysis.

Digitizing Figure 11.9 in WEO 2008 (Figure 8 and Table 1), gives an estimated
cumulative production until 2030 from fieddyet to be found of 46 Gb. From the information
provided in WEO 2008, we cannot calculate the depletion rates for individual regions. For global
production, the depletion rate in production from fields yet to be found can be calculated and the
numbers argiven in Figure 9. In WEO 2008, the first oil from fields yet to be found is expected
to be produced in 2010 and that appears much too early for discoveries made in 2008. The
estimated starip years are probably not unrealistic for all fields, but magtifcant new
discoveries will most likely need more than thgears implicit in the forecast by the IEA.

As a comparison, we present the depletion rate for the North Sea frontolBF®b, the
region that, so far, h a s e ih degletianhrage (Rigare B)dVies mo s
compare this with the IEA outlook for undiscovered fields and find large discrepancies with
historical experience of depletion rate behavior.

Prior to 2019, the IEA (2008) gives a reasonable outlook for the developmierniire
discoveries. These are assumed to be developed less rapidly than the North Sea. However,
around 2019 this reasonable trend is replaced by a phase of much more rapid development (and
depletion), in fact an unprecedented rate of development. Therefds a more realistic
projection, we chose to restrict the rate of development after 2019 to that previously observed for
the North Sea (Figure 9). Calculating equivalent production, we get 8.7 Mb/d from fields yet to
be found by 2030. By way of compauis a discovered volume of 114 Gb is on the order of one
and a half North Sea regions. It took around 25 years to get North Sea production to a maximum
of 6 Mb/d. Therefore, a production level of roughly 9 Mb/d is realistic, if 114 Gb is discovered
and deeloped as rapidly as the North Sea region. We would like to emphasize that the North Sea
region was developed especially rapidly and showed a high rate of depletion. Therefore, using it
as a model for the development of the figjg@sto-be-found fractionas a whole should be seen
as relatively optimistic.
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IEA production forecastfor fields yet to be found
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Figure 8: World crude oil production of ydb-befound oilfields in OPEC and ne@PEC
countries by location in the Reference Scenario. 2igitand adapted from Figure 11.9 in WEO
2008

Depletion rates for the North Sea and fields yet to be found
10

|

2005

2006
2007
2008
2009 -
2010

2011

2012

2013

2014

2015

2016 -
2017
2018 -
2019 -
2020 -
2021 -
2022 -
2023 -
2024
2025
2026 -
2027
2028
2029
2030 -

Depletion Rate of Remaining Recoverable Resources [%]

——North Sea  —#—I|EA yet to be found - =Realistic outlook

Figure 9: Depletion rate of remainingecoverable resourcefor the North Sea region and the
yet-to-find fraction from WEO 2008 The realistic outlooks follow the IEA case up to 2019,
before following a similar growth trend as the North Sea.
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In conclusion, an asimed production of 19 Mb/d in 2030 from fields yet to be found is
based on an unrealistically high depletion rate never before seen in history. Depletion is a major
factor for reservoir flows (Satter et al, B)Qand flows will naturally decrease as ne®drs are
depleted. Certainly, these factors can be influenced by technology to a limited extent, but this
requires increasing work input and investments to counter depbliien decline. We already
see the North Sea example as an optimistic outlookhfo future, while the IEA is even more
extreme in their expectation from undiscovered fields without providing any justification for this
dramatic deviation from historical behavior.

3.4 Additional EOR

In WEO 2004, additional enhanced oil recovery was estimated to be in the order of 25 Mb/d by
the year 2030 (IEA, 2004). In WEO 2008, this number has been reduced to 6.4 Mb/d (IEA,
2008). IEA (2008) attributes great importance to CO2 injection. We behewehte oil industry

will use any and all means available to increase oil production from old oilfields because the
decline in production from existing fields will be severe (HO0k et al., 2009b). Currently, only a
smal | fracti on o fre dsihgegEOR (HS| 20675 The projectédi pediuctisn a
volume from EOR in 2030 may be reasonable, if use of CO2 injection is implemented along with
massive investments and developments. In summary, weocaiderthe future outlook for this
fraction as accepble.

3.5. Crude oil T total in the future
By adding crude oil from fields in production, fields yet to be developed, fields yet to be found
and additional EOR we get a projection of future crude oil production indicating that the peak of
world oil production is probably occurring now. In WEO 2008, the IEA obtains a very different
picture using the same data. Can we explain this difference in outlook? We have shown that the
| EA6s estimates for future pr oduaceaptabe. Wer o m
have also accepted their estimates for the volumes of oil in fields yet to be developed and yet to
be discovered. Finally, we accept their estimate for additions from EOR as being realistic. The
difference thus lies in one parameter only #mat is the depletion rates of remaining recoverable
resourcesds,). The future production that IEA proposes assumes unrealisticallydijgéalues
Discovered fields are tending to decrease in size and this fact affects future production
dramaically. The history of oil production in Norway follows a pattern that reflects this (Figure
10). The importance of this has been addressed previously in Aleklett (2004). Detailed study of
the data displayed in Figure 10 shows that whenever productimmaged in Norway, this was
due to the addition of new oilfields. Ultimately, the new fields were too small to offset the
decline in the larger fields (H66k and Aleklett, 2008) and so peak oil in Norway became a
reality.
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Norwegian oil production, field-by-field view
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Figure 10: A field-by-field plot of Norwegian oil production, showing both the volume and
temporal distribution of production for each field. Most of the giant fields peaked prior to 2000.
Initially, their decline was offset by a massive expansion of development of smaller fields before
the overall decline became unstoppabile.

We can also discuss these findings from a strictly theoretical standpoint. It can be shown
that the maximum depletion rate of remaining recoverable resources is the same as the decline
rate (Jakobsson et al, 2Q0B66k, 2009). Empirical studies of actual production data have
confirmed this and have shown a strong correlation betwgesand average decline rate (HO0k
et al., 2009a).

By adopting a theoretical model based on the maximum depletion rate @sduaned
production level dependent only on URR (Figure 11), we can study the effect of the decreasing
size of discovered fields. Theoretically, a field can be developed and the production expanded to
the maximunds:. However, it is common that large fieldseakept at a lower plateau
production level than our theoretical field. Despite this, at the end of the plateau production
phase the maximumis;; i s reached (Figure 3). Assuming th
approximated by a single giant oil fiedsthd developed in line with Figure 11, we can aggregate
production behaviour, thus creating a possible profile for undiscovered fields (Figure 12). While
this is a purely theoretical model, it is in agreement with the Norwegian experience. It gives a
somewlat higher rate of production than the 9 Mb/d obtained using the North Sea as a model,
and so should be seen as quite optimistic. Nevertheless, this method still predicts a production
rate below the | EA6s expected contribution fr
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Theoretical depletion rate model
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Figure 11: Theoretical production profile based on a maximum depletion rate model.

Figure 12: Theoretical production profile for fields yet to be found based on the maximum
depletion rate model shown in Figure 11. In total, 182 Gb of new discoveeateaeloped from
2008 to 2040. The annual discovery rate starts at 9.5 Gb in 2008 and drops gradually to 3 Gb by

2040.
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decreasing size of new discoveries, all other thingisg equal, will unconditionally lead to a
peak in production when new projects are unable to offset decline in existing fields.
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