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Abstract

Anthropogenic global waring caused b O, emissions is strongly and fundamentally
linked to future energy productiofhe Special Report on Emission Scenarios (SRES)
from 2000contains 40 scenarios for future fossil fuel production and is used by the IPCC
to assess future climate changeevious scenarios were withdrawn after exaggerating
one or several trendsThis study investigatesinderlying assumptions on resource
availablity and future production expectations to determivteether exaggerations can

be found in the present set of emission scenasasell.

It is found that the SRES unnecessarily takes an overoptimistic stance and that
future production expectations aaningtowards spectacular increases from present
output levels.In summary, we can only encourage the IPCC to involve more resource
experts and natural science in future emission scenarios. The current set, SRES, is biased
toward exaggerated resource adability and unrealistic expectations on future
production outputfrom fossil fuels
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1. Introduction

Over 80% of all the primary energy in the world is produced from fossil fiE#,
2008&). Oil accounts for over 35%, coal for 26and natural gas for 21UEA, 2008&).

For over a centuryfossil fuels have powered the industrialized world and the economic
growth, and willreasonablygontinue to do so for a long period of time.

Energy production is also the dominating sourceamthropogeniayreenhouse
gasseqGHG), particularly carbon dioxiddn 2006 over 28 billion tons of C@were
emitted due to fossil fuel consumption (IEA, 2@0P8Around 57% of all global
anthropogenic GH& derive from fossil fuel combustion, with energy supply as the
largest contributing sectorFigure 1. Consequently, rdhropogenic global warming
caused by GHG emissions strongly and fundamentallylinked to future energy
production Studies of the futue energy usand productiorare vital for undersanding
future GHG emissions.
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Figure 1: Shares of total GHG emissions. CO2 from fossil fuel use is dominating in terms
of emissions. This strongly links energy productiorGtaG emissions and ultimately
anthropogenic climate chang® assumptions aboufuture fossil fuel production.
Modified from: IPCC (2007)

No resource is as fundamental to society as energy. In fact, energy may be seen as
an ultimateand irreplaceableresouce Furthermore, energy sources mbosgtdefinition
provide more energy than they consume during extraction/production. This was
beauti fully expr edhereida dfferenHamdnboee fundanieht& 8o&t)
that is independent of the monetarycpr That is the energy cost of exploration and
production. So long as oil is used as a source of energy, when the energy cost of



recovering a barrel of oil becomes greater than the energy content of the oil, production
will cease no matter what the monstarice may be .

Energy securityincluding oil depletion and implications of fossil fuel scarcity,
and climate change has often bddentified as two major challenges for the 2t
century.Nel andCooper (2008) recognizmething of garadox, as energy constraints
pose a threat to economic growth, while continued use of fossil fuels would be the
dominant driver of global warmindpespite awareness of fossil fuel exhaustma the
common knowledge about the finite supply of oil, gasl &oal, physical resource
availability is generallynot used for longerm planning purpose&nergy is commonly
treated as a limitless exogenous input to economic planning with the result that energy
demand is well defined, but disconnected from the gdlyaind logistical realities of
supply(Nel andCooper, 2008).

1.1 Climate change and fossil fuel production peaking

The Special Report on Emission ScenarioRES is the basis for future GHG emissions

in IPCC climatemodels (SRES 200Q. It features aset of scenarios, which areot
compatible with the possibility that the recoverable volumes of fossil faats
reasonable extraction ratesay rule out several scamnos asphysically impossible.
Despite the obvious relevance of peak oil to future anthropogenic emissions it has
received little attention in the climate change debate (Khamautidansen, 2008).

Laherrere (2001¢ompared the IPCC emission scenarios with technical data and
found then ovely optimistic on future oil supply, bothegardingconventional and
unconventional oil.Sivertsson (2004) showethajor anomalies betweemll the 40
emission scenarios arfdture oil and gas production and discoveries, using updated
methodology and daderived fromCampbellandSivettsson (2003).

Rutledge (2007) expanded this analysis by including coal and came to the
conclusion that the cumulativanergy production an@0, emissions from coal, oil and
gas would be less than any of tHeCIC emissionscenarios.Studies on future coal
production level§Energywatch Group, 2007; Mohr and Evans, 2@0®) coalto-liquids
(Milici, 2009; Hoo6k and Aleklett, 2009, are also in disagreement with many of
scenarios in SRES.

An introduction to peak oil and the limits on available oil for extraction together
with general overview afinconventional fossil fueland investigations of resulting GHG
emissions were done by Brecha (2008)nilar studes were made byKharechaand
Hans& (2008)and Nel and Cooper (2008)

1.2 Aim of this study

The target of this study is xaminethe future production of fossil fuela the IPCC
emission scenarios (SRES, 2000). This will be done by quantifying what production
capacities that would beequired in reality to realize the emission scenarios. Can recent
trends in world fossil fuel production be used to rule out some of the emission scenarios?
In addition, we will also investigate the fundamental assumptions regarding future fossil
fuel production in SRES and compare it with scientific methodology regarding
reasonable future production trajectories. Future production cannot belégtermined

by geological availability. In summary, we wonder whether the scientific evidence for



resource deption and its impacts and influence on future production have been
incorporated within the SRES scenarios.

Almost two decades of historical data are now available and can be used to check
how well the production scenarios agree with actual reality. Sdnlgecscenarios can
also be ruled out from mismatch wdltual reality

Both Brecha (2008) and Kharecha and Hansen (2008) argue that despite limited
available fossil fuel amountshe resulting emissions will be high enough to surpass
ficlimate protectionguardrailsd a n d spend signi fi c-made ti me
climate change. This study will not pursue any such discussions and strictly focus on the
validity of the future energy production part of the emission scenarios. However, if
assumptionsegarding the most dominating source of GHG are shown to be flawed it will
naturally have repercussions on the validity of the climate change projections derived
from models using those emission scenarios as.ifndr input gives poor outpasa
fundametal guiding principle irmodelling.

2. The Special Report on Enission Scenarios (SRES)
The World MeteorologicalOrganization(WMO) and the United Nations Environment
Program (UNEP) established the Intergovernmental Panel on Climate Change iiPCC)
1988.Its task is to assess scientific, technical and secamomic information relevant
for understanding anthropogenic climate change. The results have been published in
several assessment reports and some special reports over th@B€arsL990; 995;
2001; 2007)The IPCC has been using a set of scenadescribing future development
of society and emissiont) assess future climate change. The first set was published in
1990, followed by subsequent sets in 1992 and 20@les, methods, claggations,
assumptions have all changed over time and this has been reviewed by Girod et al (2009).

All of the 1992 scenarios where found to exaggerate one or more current climate
and economic trends, leading to correspondingly exaggerated atmosplkeenbayrse
gas concentrations (@, 1998). Revisions were obviously needed ahd turrent
scenario set is called the Special Report on Emission Scenarios (SRES) and were
publishedn 2000. It is the basis for the majority of leteym climate change projgans,
including those of the current Fourth Assessment Report (IPC@).200

SRES (2000) describes 40 scenarios and calculates the greenhouse gas emissions
associated with those scenarios. The scenarios are based on literature reviews,
development of narrative storylines and the quantification of these story lines with the
help of six integrated models from different countries. SRES illustrates that the future
emissions, even in the absence of explicit environmental policies, very much depend on
the choices that people make, how economies are structured, which energy sources that
are preferred and how people use available land resources.

| PCC st aheyreptesent tpertifient, plausible, alternative futaresa n d
derive froma descriptive and opeanded methodology that aims to explore alternative
futures (SRES, 2000) he emisson scenariosre claimed to beneither predictions nor
forecasts, even though they a@mmonlyused as suckdditionally, no probabilities or
likelihoods are assigned to any of the scenaWdksscenarios are equally sound and
valid, which was requirelly theTerms of Referend&RES, 2000)

The equal probability of each emission scenario is a rather peculiar assumption. In
any event, this cannot be the case, since the range is due to a combination of component
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ranges of uncertainty, and thus the extes of this range must be less probable than the
central estimatéJones, 2001)Additional discussion on the communicative issues and
uncertainties with SRES can be found in Schenk and Lensink (2608kil fuel
combustion the main source of anthropogenGHG emissions, as well as future
production can be modelled by probabilistic methods (Kontorovich, 2009), making
claims of equal probability for both high and low resource/production scenarios appear
guestionable.fiEqually valid scenariod rather matealizes as an attempt to assign
unjustifiably high weight to more extremeionscompared to reasonable outlooks.

The emissions scenarios are used as an inpdrtousclimate modelsin order
to depict how the climate may change under various forms of anthropogenic emissions
Some outcomes are more desirable than others, but the equal probability assumption can
act as an obstaclelaPners and engineereho needto make decisions bed on the
impacts of climate changenust have a grasp of@hnherent uncertainties in tigeiding
projectionsas well as the probabilities of the different outcontagther discussion on
how to go from science to plannirand policy making can be foundn Walsh et al.
(2004)or Green et al. (2009)

2.1 Scenario overviews

Each of the participatinghodellingteamsbehind the emission scenariosed computer
models and experience considering lwagge development of economic, technological
and environmetal systems to generate quantifications of the storylines, which develop
the different scenariosTo simplify the procedure of depicting alternative future
developments, each of the four scenario families is described by a specific stdityéine.
writing teams formulated the storylines in a process that identified driving forces, key
uncertainties, possible scenario families and their logic. Within each scenario family
different variations of global and regional development and their implications forl globa
greenhouse gas emission are explofdtk differentmodelling teams can be seen in
Table 1.There is no businesssusual scenario or disaster scenario and it was also
decided that possible surprises, such as a new world war or major depression, should not
be considered. This has been described as aibdiliear logic and utopian thought
(Hjerpe and Linnér, 2008).

Closer discussions on the actual models and the concepts they rely on have been
done by van Ruijven et al. (2008). The energy ladder, i.e. a simplified substitased
concept, as well as the environmental Kuznetz curve, il¢shaped relation between
economic development and environmental impact, are generally and consistently used in
the SRES scenarios. However, van Ruijven et al. (2008) stress that the models might
need to be reformulated to better capture the dynamicsvefagenent, especially as the
SRES only depict the world in four regions and uses a limited set of socioeconomic and
energy data.

Further analysis of the assumptions regarding demographics, economics and
social development is beyond the scope of this stithrket exchange rates (MER) or
Purchasing Power Parity (PPP) and the significant economic differences it leads over the
long projection time has been discussed by Castles and Henderson (2003), Tol (2006),
and van Vuuren and OO0 NO0OY)Ishow thad MER)termsanKi b b i n
lead to more than 40% higher emission projections compared to estimated based on PPP.



Table 1: The sixmodellingteams that developed the 40 SRES scenarios.

Abbrevation Full Name Origin
AIM Asian Pacific Integrated Model | National Institute of Environmental
Studies (NIES), Japan
ASF Atmospheric Stabilization ICF Consulting, USA
Framework Model
IMAGE Integrated Model to Assess the | National Institute for Public Health
Greenhouse Effect and Hygiene (RIVM), Netherlands
MARIA Multiregional Approach for Science University of Tokyo, Japan

Resource and Industry Allocatio

MESSAGE | Model of Energy Supply Strated International Institute of Applied
Alternatives and their General | Systems Analysis (NSA), Austria
Environmental Impact

MINICAM The Mini Climate Assessment | Pacific Northwest National
Model Laboratory (PNNL), USA

The SRESstoryline titles have been kept simple: Al, A2, B1 and B2. They can be
shown very straightforwardly in a tadimensional tree, which shows tgebalregional
focus and the economanvironmental orientatio(Figure 2) Closer description of the
scenario families can be found in SRES (2000).

The four storylines and scenario families describe future wtitht are wealthier
compared to the current world. It is important to notice that they do not include additional
climate initiatives such as policies to limit GHG gases or to adapt to the expected climate
change.Thesepreferences features energy systemg this leads to a huge variety of
corresponding GHG emissions.

The Al storyline and scenario family describes a future world of very rapid
economic growth, low population growth and the rapid implementation of new and more
efficient technologies. The keylots are convergence among regions, capacity building,
and increased cultural and social interactions with a significant reduction in the difference
in per capita incomeThe Al family is the largest and branches out in several
subfamilies, each explognan alternative future with other preferences.

The A2 family containsvisions of a very heterogeneous world. The key scheme is
selfreliance and preservation of local identities and cultures. Fertility patterns across the
globe converge very slowly, wéh results in high population growth. Economic
development is primarily focused on regional growth and per capita economic growth
and technology change is more fragmented and slower than in other scenario families.

The Bl scenario family describes a cengent world with the same low
population as in the Al storyline, but with rapid changes in economic structures toward a
service and information economy, with reductions in material intensity, and the
implementation of clean and resouwedéicient technolgies. The emphasis is on global
solutions to economic, social and environmental sustainability, including intgrove
equity, but without additional climate initiatives.

Finally, the B2 scenario family describes a world in which the emphasis is on
local soldions to economic, social and environmental sustainability. It results in a world
with moderate population growth, intermediate economic growth and less and more
diverse technological change than in the B1 and Al storyliB2g9s oriented toward
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environmetal protection and social equityput also focuses on local and regional
initiatives.

Al A2

<G|oba| Regiona|>
Bl B2

Figure 2. Schematic illustration of the SRES scenarios. The four scenario families are
shown, very simplistically, as branches dfv@-dimensional tree. Each scenario is based
on a common specification of the main driving forsesh as population, economy,
technology, energy, landse and agricultureAdapted fronBRES (2000)

Economic

Environmental

All gualitative and quantitativgoroperties of scenamobelonging to the same
family were set to match the corresponding features of the underlying stofduoether,
26 scenarios were harmonized to have the same assumptions about global population and
GDP developmenfThe remaining 14 scenariexplorealternativeinterpretations of the
four scenario storylines, such as different rates of economic growth and variations of
population growtl{Sivertsson, 2004; SRES, 2000)



Table 2 Main characteristics of development in different scenario famares groups,

as applied to harmonized scenaridslapted from SRES (2000)

Family Al A2 Bl B2
Subgroup Al1C AlG Al A1T A2 Bl B2
Population Low Low Low Low High Low Medium
growth
GDP growth Very high | Very Very Very Medium | High Medium
high high high
Energyuse Very high | Very Very High High Low Medium
high high
Land-use Low- Low- Low Low Medium | High Medium
changes medium medium high
Resource High High Medium | Medium | Low Low Medium
availability
Technological | Rapid Rapid Rapid Rapid Slow Medium Medium
development
Change Coal oil & | Balanced| Non- Regional | Efficiency |[i Dy n a
favouring Gas fossils as us

3. Resource depletiorand future production
All fossil fuels are finiteand nonrenewablenatural resourced.e. heir deposits are
limited either physically or economically (SusliakdMachadg 2004).This comes from
the simple fact that it takes millions of years for fossil $uelform and they areapidly
extracted making it impossible for the rate of creation to keep up with the rate of
extractior). Consequently, fossil fuels must be subjected to depletion.

Furthermore, French mathematician Verhulst (1838) reasoned that, any
population subject to growth would ultimatelach a saturation level (usually described
as the carrying capacity) and as a characteristic of the environment, that forms a
numerical upper bound on the growth proceBse resourcepeak theoryhas strong
theoretical connections teuch ideasand growth phenomena in biologywhere an
intrinsic limit determined bynature eventually willprevent further growthFor fossil
fuels it is impossible to extract more than geologically available, and natural laws will
alsoput limits on the extraction rates

Hubbert (1956) was among the first to propose a model for extrapolation of
production curves of finite resources. His fundamental assunspdiot ideasiave been
described by Ho6k and Aleklett (2009&)though Hubbert (1956) included coal in his
analysis previousstudies had already posed the question of coal. Coal and the issue of its
maximum productiorarg contrary to common belief, an old problem amdre first
discussed by the national economist William Stanley Jevons in 1856 (Jevons, 1856).
More recent studies havellowedin the footsteps of Jevons and Hubbert and questioned
the longevity of the global coal supply (Energywatch Group, 200Ghr and Evas,
2009)

Possibleimits to growth were exploreoy system dynamidsy the Club of Rome
in their i nMheaLmasucsGrawdp ¢ Mee ad o ws Sedtainedlifalse 197 2) .
statements about predictions of total depletion of vital resources andseotéé society
discredited the report and made its call for fundamental policy changes and sustainability
pass by relatively unnoticed (Turner, 2008). In hindsight, 3@ syef realityactually
agrees well with théstandard rue s ¢ €Turaar, 2008).
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The concept on natural limits to growdimd an end of the increasing production
trend were later revitalized by two former oil company geologists, Colin Campbell and
Jean Laherrerewhen theyexaminedthe reported reserves and extrapolated discovery
curves (Campbell and Laherrere, 1998heir conclusion was that the world is facing the
end of cheap and abundant oil and that the maximum oil production would occur
somewhere around 201@leklett and Campbell (2003) addressed more issues and
created a updatedmodel for oil depletion along with a first expansion of the analysis to
cover natural gadNumerous other studies arrive at similar dgigsntley and Boyle,
2007).Once again doomsday accusations and claims of undue pessimism werge made
mostly from economists

Today, theAssociation for the Study of Peak QGihd Gas (ASPO) has held a
number of conferences on the topic and established a network for scientists and
researchers caoerned with the depletion of o#énd other fossil resourcesnd its
consequences for mankingcientific evidence for @roductionpeakhas been presented
in numerous occurrencds/ a wide array of researchers and studfes overview of
various relevant forecastingnethodologiesand peak oil estimatesan be found in
Bentley et al (2007) Resourceconstrained modellingnaseven been attributed as the
only plausible longerm forecasting tool (Jakobsson et al., 2009).

Interest inresource depletion, mainly regarding peak logls growndramatically
since early 2000From being discussed by a few concerned thinkers the topic and
challenge of oil depletion ka risen to the highest possible levels in short tiAa.
influentialr e por t ¢ o nteel peadirey of workd ailt produétion presents the U.S.

and the world with aminprecedented risk management prodem( Hi r sc h Aet al ,
UK industry taskforce came t o atheriskmiol ar con
UK society from peak oil are greatradar t han tF
at present, inleding terrorismdo ( UK I ndustry TaandEnergyce on P

Security, 2008)Even theOECD energy agencyEA, points to the unsustainabbature
of continued oil dependenceand the major challenges associated with increasing
production levels to jusibove 100 Mb/¢IEA, 2008b).

Additionally, future production is a matter of more than just geological
availability of a certain resource. Social acceptability, economic conditions, legal
constraints and much more also affects future production of anyroes For example, it
can be shown that less than dradf of the total available coal resources of the
Appalachian Basin were available for mining and only -tameh were considered
economically recoverable (Ruppert et al., 2002). H66k and Aleklett &@D®9b) show
that restrictions play a major role in preventing significant shares of US coal from being
produced and that those restrictions are not likely to be relaxed in the future. Future
behaviour of restrictions and the political atmosphere thelwealdrom are essential
factors for future production.

Since fossil fuels dominate our existing energy system, they will also have to
power any possible shift to renewable or other energy sources and the effect this has on
fossil fuel reserves will depenrdrgely on the size and speed of the shift, since fossil fuel
energy used will be additional to that already in use (Moriarty and Honnery, 2009).



3.1 SRESdependence orRogner

Resource availability in SRES (2000) is buloundthe works of Rogner (1997) and
Gregory androgner (1998)and relies on them for detailed discussion of the estimated
hydrocarbon amount€loser discussion on fossil fuel availability can be found in SRES
(2000) and Sivertsson (2004) The message of Rogng1997) is that the vast
unconventional hydrocarbon occurrences and historically observed rates of technology
change would allow hundreds of years with availability of fossil energy with low long
term costs, i.e. not significantly higher than the markeepof the 1998. Rogner (1997)

also states that additional occurrences bel/aghe common resource base mafassil

fuels appearas analmost unlimitedenergy sourceln summary, main point of Rogner
(199 7) the sheet diza of theifossil resoub@se makes fossil sources an energy
supply option for many centuries to came pr ovi ded t hat economy
progress are favourable.

Rogner (1997)based his conclusions arompilation of hydrocarbon resource
estimates prior to 199Bome of theprime sources are BP, World Energy Council and
German Federal Institute of Geoscienoghile other stems from academic studiesr
conventional petroleum, Rogner (1997) states an ultimate recoverable resource base of
2800 Ggabarrels (®) and the aggregated number unconventional amturrenceis
16 500 Gh where unconventional include heavy oil, tar sand and oil skedéarly,
unconventional oil will have to be the main source in the long@oemparison between
Rogner (1997) and more ret¢astimates of available unconventional oil can be found in
Greene et al. (2006).

A similar picture is given for natural gas, with only 29@@abarrels of oll
equivalents Gbog as conventional gas (3100 Gboe if natural gas liquids are included)
and 142 000 Gboe of unconventionaccurrences. Over 95% of the unconventional gas
is assumed to be methane hydratesile coatbed methane, fractwleshale, tight
formation and remaining igitu amounts only constitute minor amoumds a result,
future gas avdéability must be tightly connected to methane hydratasd their
development

Rogner (1997) stasethat drilling yet has to confirm the existence of the gas
hydrates suggested by seismic survéydually, few thick deposits have actually been
found bydrilling and generally the existence of gas hydrates is determined by no more
than uncertain seismic information (Laherrere, 1999; 200%3).also worth to notice that
theresourceestimates differ by three orders of magnitude (Collett and Kuuskraa).1998
Some research is undertaken but commercial production is very far away and gas
hydrateswill not likely contribute to world gas production for the next=D years
(Collett, 2002).

For coal, Rogner (1997) highlight the many fluctuations in woelseve and
resource assessmentsie overview is very brief in comparison with oil and gas, mostly
calling out to BGR (1980) as the main source. The total coal resource is placegDat 45
Gboe, which would equal 8744 Gt of coal (assuming 30 GJ/ton ¢tedlty 60% ofall
the coal is found in the most uncertaategory

Gregory and Rogner (1998argely rely of the resource estimates derived by
Rogner (1997put make a few new additions with resource estimates for renewable and
nonfossil fuels. A significant share of the article is devoted tpesulaion and
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envisioning the feasibility fofuture conversion technologies, ranging from fuel cells and
hydrogen to unconventional hydrocarbons such as oil shale or gas hydrates.

Interestingly enough, Gregory aRbgner (1998) also mentions tfigessimistio
view on ultimate recoverable resources, represented by geologists and including
Laherrere and Campbell, and theptimisti® view, lead by economists Adelmamd
Lynch. Rogner, also being an energy economist, takes the optimistic side and points to
the importance of unconventional hydrocarbon resources.

3.2 SRES standpoint regarding resource depletion

SRES (2000) mentions works of petroleum geologists Ivanhoe and LES9),

Laherrere (1994) and Campbell (1997), who all questioned the size of the oil reserves and
suggested that the actual recoverable volumes are smaller than expected. The claims of
limited volumes of recoverable oil is dismissed by arguments fromoetists Adelman

and Lynch (199 7 )hugeanmountsbfhydiocibansaretavaitable irfithe

Ear t h8s acnrdwestmatast of dclining reserves and production are incurably

wrong because they treat as a quantity what is really a dynamicegsodriven by

growing knowledge . Technol ogi cal advances are also
recovery and development of previously uneconomic resenddiesthetoricis virtually

identical to that of Rogner (1997) and Gregory and Rogner (1SFEL.Sunnecessary

t a k e soptimistie sid® |, effectively disbanding phenom
from natural science for economic models, instead of providing a sound and more
balanced view on resources availability.

4. Fossil fuelproduction in SRES

In order to picture various futumitcomesSRES(2000)assume everything from low to

very high resource availabilitfruture resource use is dependent on future price levels
(either assumed as exogenous inputs or determined endogenously in the model) and
future technology capable of mining unconventioredourcesAll the scenario story

lines show elements of utopianinking in particular regarding future technologies
capable of decoupling economic growth from energy consumgimm globalization is
assimed to even out economic differenasd how access to energy is rising in the
future (HjerpeandLinnér, 2008)

In SRES(2000) it is declaredthat the current oil industry is maturand the
guestion of when the current reserves will start to runisuasked without being
answeredHigh hopes are placed in unconventional oil resources such as shale oil, tar
sands, bitumen and heavy ,oédspecially in the high tech scenarid$atural gas is
believed to have larger potential since the gas industry ssnkegure ananuch more
remains to be discovered, particularly in remote areas far from infrastructure.
Unconventional gas, such as cbald methaner gas hydratess expected to come into
large scale productiorRegarding coalthe question is assumed to be only one of
economics, accessibility and environmental acceptance.

All production numbersin SRES (2000)are presened in exajoules (H) or
zetajoules (9), which are units that are Htawed t o gr .
have chosen to convert their figures to more commonly used Eoitonversion, we
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have used 42 GJ as a ton of oil equivalent and equated a barrel of oil equivalent as 6.12
GJ.

4.1 Al family

Energy and mineral resources are rich in this famdyrapid technological progress
reduces the amount of resources needed for the same level of production and increases
the economically recoverable reservEse scenario familgalsohas some subgroups that
explore variants of this rich and technologicalufet A1C depicts acoalfocused future
where mrw clean coal technologies, su@s sulphur removal, have turned coal
environmentafriendly with the exception of GHG emissions. A1G describes an oil and
gas rich future, with a rapid transition from conventional resources to rich unconventional
resources such as methane hydrates. A1T describes -fogsinfuture where rapid
developmert of solar and nuclear technologies replace fossil fuels.

For oil, the projected production levels can be seen in Figure 3. Oil production is
on average assumed to be over 100 Mb/d from 2020 to after @dt@Can intermediate
peak in 2070 at 126 Mb/d’he cumulative oil production of the Al family averages just
below 4000 GbTable3).

This scenario family also contains a number of oil price assumptions, which are
generally low.For example, th A1 AIM-scenarios expect a crude oil price of 43 dollars
per barrel in 2020here expressed @006 dollars), later increasing to 55 $/b in 2050 and
73 $/b in 2100 (SRES, 200@uch pice projectionsspanningl00 years into the future
seemdubiousat best.

World primary energy production from Oil in the Al scenarios
350

300

250

200

150

100

Daily production [Million barrels]
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0
1950 1960 1970 1980 1990 2000 2010 2020 2030 2040 2050 2060 2070 2080 2090 2100
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Figure 3: Projected worldoil production the in A1l scenario famili2zroduction ranges
from O to 325 Mb/d, but the average scenario is a peak at 126 Mb/d in 2070.
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Expected gas and coal production in the Al family is also (hgdure 4) Gas
production in 2008 wer®&2 Mboe/d, qual to 2768 MtogBP, 2009), which agrees
reasonably well with theaverage of theAl family. However, significant future
hydrocarbonproduction increases are expected along with legmulative production
(Table 3. On average, 5500 Gboe of natural gas expected to be produced and this
implies that virtually all the conventional gas in Rogner (1997) have been depleted and
almost as much taken from unconventional sources.

For coal, future prduction can be found in Figure Blassive increases in world
productionare generally expected and no peak at afbieseen prior to 210 the
average casdhe cumulative production implies that more than the worlds knovah
reserves have to be produced.

In summary, one can only see that this scenario familydisedvery optimistic
regarding futureenegy production andchasa builtin assumption that no constraints or
limitations will apply to fossil fuel utilization prior to 2106ull depletion of thevorlds
known currently fossil fuel reserves can also be expected along with significant
contribution from unconventionalil and gasA number of scenarios, such as A1 ASF
with an oil peak at 182 Mb/d in 2028 A1T Maria thatphases out coantirelyin the
long run,can be ruled out frordisagreement withistorical data.

Table 3: Cumulative hydrocarbon produch 19902100 in the Al family

Scenarioname Qil [Gb] Gas [Gboe] Coal [Gboe]
Al AIM 3404.7 7363.0 2601.3
Al ASF 2783.3 4720.8 8420.2
Al IMAGE 4889.9 3971.7 3663.5
Al MESSAGE 4119.4 5574.9 3098.1
Al MINICAM 4019.0 7895.9 3394.1
Al MARIA 3754.8 4882.2 1384.0
Al1C AIM 3335.4 3441.5 11167.9
A1C MESSAGE 3026.1 3574.8 7905.5
A1C MINICAM 1874.5 3907.8 9799.5
Al1G AIM 8294.5 9585.2 3076.1
A1G MESSAGE 5623.2 8566.0 3498.5
A1G MINICAM 4837.7 7141.0 6186.1
AlV1 MINICAM 4001.3 5173.5 3517.4
A1V2 MINICAM 3773.1 5065.1 3711.6
AlT AIM 2716.3 5216.3 2022.8
A1T MESSAGE 3391.9 4354.7 1906.7
AlT MARIA 3199.6 4171.2 720.5
Al AVERAGE 3404.7 5565.0 4474.9
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Figure 4: Projected world gas production the in A1l scenario family. Production ranges
from 50 to nearly 600 Mboe/dby 2100, but the averagei90Mboe/dpeaking in 2080.

World primary energy production from Coal in the Al scenarios
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Figure 5: Projected world coal production the in Al scenario family. Production ranges
from 800 to nearly27 000 Mbe by 2100, with an average is 10@ Mtewithout a peak
prior to 2100.
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4.2 A2 family

This family describes a differentiated world that, compared to Al, is characterized by low

trade flows, relatively slow capital stock turnover and slower technological proghess.

family also depicts seffeliance in terms of resources and less weigtgaxial, economic

and cultural interactions between differentregigh® | s of t e businessssd as t he
usuab f ami | vy, wher e e c onenmommmenthleconedroo majoe nt  wi t |
attempts to reduce the gap between rich and poor countries.

Regons with rich mineral and energy supply will develop into more reseurce
intensive economies. Other regions wilver resourcewill focus on minimizing import
dependence and improve efficiency or make use of alternative inplgs.resource
availability in different regions mainly determines the fuel mix udeigh-income but
resourcepoor regions develop advanced pfussil technologies while lowncome but
resourcerich regions generally rely on older fossil technologlge resource availability
is geneally rather conservative and dilization is largely limited toconventional
resourcs without venturing into the field of unconventional fuadenerallyresulting in
high coal consumption.

The future oilproduction in this family is generally high cpared to present
levels (Figure 9). Many scenaritmeserapid increased up to 2020 followed by a peak,
and this is reflected in the averag-Al MINICAM is the exceptionwith a production
level of 222 Mb/d in 2100he cumulative oil production betwe&890 to 2100 ends up
around 3000 GbTable 4, which would be enough to deplete more than the i®rld
ultimate reserves of conventional oil before the end of the century.

World primary energy production from Oil in the A2 scenarios
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Figure 6. Projected oil production in the A2 scenarid®y 2100, production capacity
range from 0 to 222 Mb/d, with an average of 66 Mb/d after a peak in 2020.

15



Gas and coal productios projeced with generallycontinued increasé&rends
throughout the rest of the centumgsulting in a tripling of worldgas production and
roughly six timeshigher coal production by 2100 on averégigure 7 and B

The coal production outlooksvould put enormous pressure on the USA, Russia,
China, Australia, India and South Africa as they together hold roughly 90% of the
w o r |cahlbreserves and resour¢B$, 2009; BGR, 2008)or example, mjor amounts
of the Russian coal are locatéd the Tunguska and Lena basiims central Siberia
(Thomas, 2002)andwill not realistically be developed for many decades due to ltmite
infrastructure as well as remoteness and harsh climate.

Table 4: Cumulative hydrocarbon production 192200 in the A2 family

Scenario name Oil [Gb] Gas [Gboe] Coal [Gboe]
A2 ASF 2817.9 4287.2 7641.1
A2 AIM 2607.3 4698.8 7800.3
A2G IMAGE 3516.8 6197.0 3527.6
A2 MESSAGE 3116.2 3765.9 5128.7
A2 MINICAM 1790.4 3216.2 7669.2
A2-A1 MINICAM 3684.2 4510.9 3277.9
A2 Average 2922.1 4446.0 5840.8

World primary energy production from Gas in the A2 Scenarios
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Figure 7. Projected gas production in the A2 family. No peak in sight, desip#e
assumption about conservative resource availability and little exploration of
unconventionagas
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Figure 8: Projectedcoal production in the A2 family.

4.3 B1 family

The ultimately recoverable conventional andconventional fossil resources in this
scenario family followthe same resource assumptiontlas A2 family. However, a
supposed availability of huge unconventional oil and gas supplies, with a geographic
distribution widely different from conventionalseurces, will have a significant impact
on fuel supply and trade flovis the long term.

Gregory
found in South America and mainly in the Orinoco formation in Venezuela. Additionally,

and Rogner (1998) esti mat e

54% o

70% of the worlds tar sand and bitumen is located in Canada (Gregory and Rogner,
1998).More recent estimates mathe Venezuelaand Canadiadominance even larger

(World Energy Councjl2007). Only the ultimate oil shale resources in place seems to be

well distributed over the globe with approximately equal shares in North and South
America and Asia, while Europe and Africa is almost em(@yegory and Rogner,

1998) In comparison
shale resourcasa the USA, although it is noted that information is rudimentary on many

Worl d Energy Counci l (2007)

pl ac

oil shale formations and that significant drillings and analytical work remains to be done.
In summary, wedind it questionable thahe geographic distribution justifies significant
impact on fuel supply and trade flows as most unconventmihaéside in a relatively
limited number of countrieAdditionally, the existence of unconventional resourass h
little to do with the likelihoodf a significant contribution to futurenergy supply

B1 assumed thahé capital output ratio of resource exploitation is assumed to rise

with increasing depletion, but this is counteracted by learning curve efféotd.
production costs are assumed to rise with increasing depth andlailsog wages but
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this offset by increased mechanization (for underground mining) and economicgcale
effects

Cumulative production of oilnd gas remains highequal to more tharull
depletion of most conventional oil and gas resouragsle coal issignificantly lower
than Al and A2 (Table 5Feveral scenaripsuch as B1 ASF withreoil production of
170 Mb/d by 202®r B1 MARIA that features monotonically decreasing coal production
after 1990can also be ruled out due to poor agreement agthd data.

Table 5: Cumulative hydrocarbon production 192200 in the B1 family

Scenario name Oil [Gb] Gas [Gboe] Coal [Gboe]
B1 IMAGE 3195.8 2561.6 2153.9
B1 AIM 2560.9 4154.4 2606.4
B1 ASF 2808.3 4168.7 4451.1
B1 MESSAGE 2783.4 4041.5 1106.0
B1 MARIA 2864.0 3571.9 533.7
B1 MINICAM 2596.3 2699.1 1716.4
B1T MESSAGE 2768.4 3573.3 1057.5
B1HIGH MESSAGE 2809.3 4167.1 1383.8
B1HIGH MINICAM 2734.4 5550.8 2095.9
B1 AVERAGE 2791.2 3832.1 1900.5

World primary energy production from Qil in the B1 scenarios
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Figure 9: Projected oil production in the B1 scenario family.
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