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This paper presents an assessment of global economic epateytials for all major natural energy resources. Thiskwer
based on both an extensive literature review and calcualtising natural resource assessment data. Economic iptstente
O)presented in the form of cost-supply curves, in terms of gnéiows for renewable energy sources, or fixed amounts failfos
and nuclear resources, with strong emphasis on uncertaisityg a consistent methodology that allow direct compasso be
made. In order to interpolate through available resoursesasnent data and associated uncertainty, a theoretinarork and a
computational methodology are given based on statistioglgrties of diferent types of resources, justified empirically by the data,
(\J .and used throughout. This work aims to provide a global @ealfor natural energy resources ready to integrate inteelnad
energy systems, enabling to introduce at the same time tatigrover natural resource assessments. The supplememdterial
T provides theoretical details and tables of data and pammitat enable this extensive database to be adapted tety edienergy
P systems modelling frameworks.
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der to generate scenarios that are realisable, must takadnt
Energy policy decisions for the planning of new energy gentount the limits to each type of natural resource. However,
eration capacity designed to respond to future demandmequiwhile some energy models do not currently take explicit ac-
information regarding the engineering feasibility and tee  count of limits to resource flows, most of them do not con-
(¥ .quirements of such systems in terms of capital investmbuts,  sjder their associated uncertainty. Of particular inteireshis
O) ‘also, crucially, the availability of natural resources.a@hile,  \ork is the Energy-Environment-Economy Model at the Global
(O future energy systems are expected, in many contempor&ry pevel (E3MG), a macroeconometric model of the global econ-
. icy frameworks, to evolve towards their gradual decarl®nis omy, which calculates economic activity in 42 industriat-se
L) tion, in order to decrease anthropogenic interference thith  (ors within 20 regions of the world/[5+9]. In a previous pafer
O climate system (see for instance Edenheteal. [1]). Froman  pew sub-component designed for use in E3MG was introduced,
(\l -energy perspective, the decarbonisation of the sectoh@s@  modelling the trend of investor behaviour in the power secto
1 transfer of supply from traditional fossil fuel based tealugies  acing the choice of various technologies, using their lised
~ fowards low GHG emission energy generation capacity such asost Of Electricity production (LCOE), which includes thest
'>2 reneyvable energy systems or nuclgar reactors. Such aetr_ansbf natural resources, and the resulting technologicaltitubs
> ‘requires changes in the technologies used through sufistitu tjons [4,[10]. In this model, the limitation of natural resoes
(T Processes, a subject extensively studied in the past §@noe  gccurs through the use of cost-supply curves, requiringia: co
[2-4]). However, these transformations also require ckamy  plete set for each type of natural resource considered ierord
the use of primary energy sources. Realistic energy seenariiq properly constrain the model.
of the future can only be designed in a way that does not ex- Many studies and reviews have been published that sum-
ceed natural sources and flows of energy which are available i, 5rise what was known of global energy potentials at time of
all regions of the world. Therefore, assessments of thenpiate  eir publication [11=17]. These reports however do not pro
of natural energy resources are essential to energy plganih  jge any economic structure to energy potentials. Without u
policy. _ ] ) derlying individual cost structures associated with epee
Meanwhile, many models exist that generate scenarios fQ§orce extraction or clarifications the use of the concept of
the evolution of global energy systems in the future (For-a reeconomigotentials, natural resource limit values are ambigu-
cent brief review of IMAGETIMER, MERGE, EBMG, POLES 5. As the key for strategic energy planning lies precisétly

the cost structure of energy production, such assessments a
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can be consumed, for stock resources, or in the total energypulative amount of #ort that has been deployed to explore ge-
flow it can produce at any one time, for renewable resourceslogical occurrences, and express the fact that it is nev&sip
Resources tend to be exploited in order of their cost of extra ble to know with certainty the detailed composition of thestr
tion. As consumption gradually progresses to higher anldrig of the Earth. Using a review of literature, it is possibleg aip-
levels of exploitation of particular resources, additionaits  propriate, to define ranges of energy potentials rather$pan
consumed tend to incur increases in production cost. Theresific values, therefore defining areas in the cost-quantéane
fore, the economic potential is better defined auactionof  for where actual cost-supply curves are likely to lie.
cost, rather than as a constant value. As the costs of pioduct  This work proposes a theoretical framework and a compu-
increase with the levels of use, developers increasinglig aé  tational methodology for building natural resource assesds
ternatives, where they exist, through an evaluation of fhre o readily useable in models of energy systems, by using a com-
portunity cost. Thus, the economic potentials for all eyerg bination of cost-supply curves and a treatment of uncestain
resources available within a particular market depend on®o  This methodology is then applied to produce a cost-quantity
another and cannot be determined individually without know analysis for every major natural energy resource, those avit
ing the alternatives. Additionally, since every particutzarket  potential larger than 10 B As part of this work, cost-supply
for energy is composed in a particular way, economic patémnti curves were produced for 13 types of resources for every one
vary geographically. As resource use evolves and deplptimn  of the 20 world regions specified in E3MG, and form a new
gresses, all economic potential values in a market chantie wi sub-model for natural resource use and depletion. Underly-
time, an &ect that stems from changing individual costs of en-ing potentials were however defined for 190 individual coun-
ergy production, and and that has repercussions onto thefrat tries, and can be aggregated to any other particular setrdwo
consumption of every natural resource. regions. For the sake of presentation in this paper, the cost

As discussed in previous work, the economics of energy resupply curves were aggregated into global curves, progidin
sources when used, for instance, for electricity produatan  world view. Since data for all 190 countries could not realis
be modelled in a simplified manner using a complete ensentically be provided here, tables of parameters are provided
ble of cost-supply curves, which express the cost of regsurc the supplementary material that enable to reconstructdbe c
at various levels of exploitationl[4]. In such a framewotkgt supply curves for a set of 14 world regions that were assumed
marginal cost of electricity production for every indivanat-  the most representative of the requirements of the intienmelt
ural energy resource using specific power technologies rmay kmodelling community. Additional resource specific informa
compared using a framework such as the LCOE at every leveion regarding theoretical derivations, additional methiogy
of natural resource use, in order to compare their profitgbil and justifications are also provided.
In such a model, the consumption of particular resourcésis | This work follows consistently a methodology that can be
ited by increasing marginal costs, and the potential deplef ~ reused as presented by the modelling community. To this end,
resources becomes naturally represented since the cafst-gra definitions of the concepts used are first given followed by a
ally diverges at a levels of exploitation closer and closethe  concise description of the approach, detailing the coantity
technical potential. Cost-supply curves for global researof  analysis of resources with the associated uncertaintjowivlg
wind, solar and biomass energy have been calculated psdyiou this, a theoretical characterisation of the statisticaperties of
using the land use model IMAGE 2.2 [18+-22], and are used imesource occurrences is given in order to enable the usaof fu
this way in the TIMER energy sub-model. Additionally, glbba tional forms for interpolating resource data. This metHodgp
cost curves for fossil fuels have been produced by Ro@gnér [23is then used to produce cost-supply curves for renewabkbs an
an influential work which is unfortunately becoming increas stock resources. A summary of all major energy resources is
ingly outdated. However, no comprehensive global assagsmegiven in the last section.
of all major energy resources which provides an underlyosj c
structure currently exists in the literature.

Additionally, assessments of natural energy resourcesinh
ently possess high uncertainties, which must be taken o a Renewable and stock energy resourcesNatural sources of
count in order to generate confidence levels in model outputs ~ energy that may be found in one of two formstocks

2. Definitions

For instance, the global bioenergy potential has been atsiin where energy may be extracted from fixed amounts of ge-
to lie between around 310 to 660/Jy Hoogwijket al. [27], ologically occurring materials with specific calorific con-
between 0 and 650 Edby Wolf et al [24] and between 370 tents; renewable flowswhere energy may be extracted
and 1550 E§ by Smeetst al [25]. These particular uncer- from continuously producing onshore offshore surface
tainties stem from those on future projections of food desnan areas with wind, solar irradiation, plant growth, river
and levels of technology advancement in the agricultured se flows, waves, tides or various forms of heat flows.

tor used in these calculations. These types of uncertaiatie
present in all assessments of renewable energy resouioes. S
ilarly, uncertainty arises with knowledge on amounts otkto
resources, such as uranium and fossil fuels, where lower and
lower levels of confidence are associated with larger amptar Technical potential: Total quantity of energy stock or flow
guantities. These uncertainties originate directly frém tu- estimated to exist or stem from a particular natural pro-
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Theoretical Potential: Total quantity of energy stock or flow
estimated to exist or stem from a particular natural pracess
disregarding its technical recoverability.



cess, recoverable using a specific technique, disregardirigvels of dfort for their extraction, which enable their transfor-
its level of technical dficulty and the associated costs.  mation into usable energy carriers witlfdrent levels of prof-
. ) ] _itability. These variations together lead to particulastdbu-
Economic potential: Quantity of energy stock or flow esti- {jons of costs for their utilisation. Naturally, resoureth the
mated to exist or stem from a particular natural processpest qualities for energy production, and thus lowest esioa
recoverable at exploitation costs that are competitive—comcosts’ are likely to be considered first by energy firms under
pared to all other alternative ways of producing the sam&inancial constraints. Therefore, deriving economic ptités
energy carrier. Since the cost value considered competiy; energy resources involves the task of classifying anét-ra
tive at any one time changes continuously, the economig,q gifferent occurrences of specific resources in order of cost.
potential is expressed as a quantity of stock or flow of en- |nformation on energy resources is scarce and irregulisty d
ergy function of cost. However, this concept is used morgyipyted, possibly inconsistent, and thus must be orgdrésel
conveniently in models when expressed as the inverse Qfjassified in order to produce a consistent and complete set
this function, the cost-supply curve. of economic potentials. Data may be patchy and incomplete,
Cost-supply curve: Function of the cost of energy flow or in which case assumptions are requi_red in order to _intet@ola
hrough missing parts. Such assumptions are taken in this wo

stock from a particular resource given that a certain quanf[- the f functional f for th Ki f .
tity is already in exploitation or has already been con-" the form ot funclionalforms for the ranking of resourcas i

sumed (themarginal cos}. In this work, the cost-supply terms of their cost of extraction. These are derived thémrigt

curve and the economic potential are used interchangé[Om basic s_tz_itlstlcal_propemes of resources. They h.&.m'b
ably. carefully verified against several sets of data for speagifies

of natural resources which do not take any assumptions over
Uncertainty range: Area in the cost-quantity or cost-flow the distribution of resources (wind, solar, two types oftbéss
planes in which actual real cost-supply curves have a 96%esources as well as with uranium). They have been assumed to
probability of lying. This would correspond to two stan- hold true for all other types of resources (for fossil, geothal,
dard deviations, @, if the distributions were normal, but hydroelectric and ocean resources).
they are in general skewed. Real values have a 2% proba- Methods of assessmentffgir and produce éfierent results
bility of occurring below the range, and a 2% probability Or ranges of results. In the absence of justified criteria ont
of lying above! which to base a choice of particular studies over all ottrers,
source assessments must be considered equally, the icoilect
Productivity: Amount of energy stock or flow produced per of which can be used to generate uncertainty ranges. This al-
unit of land or sea surface area (wind, solar, biomass, wavws to decouple this work from specific assumptions used in
energy), bore depth or diggingfert (oil, gas, coal, nu-  specific studies.
clear fuels, geothermal energy) or constructifior (hy- The methodology presented here builds upon the approach
droelectricity, tidal energy). defined in our earlier work [4]. The economic potential of re-
sources is defined using the cost-supply curve, which ezpses
the quantity of resource available for any cost value censid
eredeconomigcor competitive with all other alternatives. Such
Yurves are derived from cost rankings of resources andtirgul
distributions. The cost variable, however, stems from weayy
levels of technical dficulty for extracting resources, or alterna-
tively, the productivity of energy producing resourcestsas
plots of land, mines, oil wells, rivers, etc. Therefore,wonous
distribution functions for the amounts of resources atédéan
Distribution for nearly identical resources: Statistical type hature are defined in terms of their productivity. Two engaiti
of natural resource productivity distribution in which re- forms for these distributions are defined and used throughou
source producing items possess nearly identical produd-onfidence ranges are derived from uncertainty analysie. Th
tivity values, which do not depend on the simultaneouscOmbination of both is used to construct probability deesit
occurrence of several factors. Producing items of this typdor the location in the cost-quantity or cost-flow planes rene
within one kind of resource (for instance sunny or fertile the real cost-supply curves would be situated if it were fotess
plots of land) have nearly identical properties, cannot bd© determine them with certainfyThese probability distribu-

ranked and can be exchanged for one another. tions may be used as inputs to uncertainty analysis (such as
Monte Carlo simulations) in energy systems modelling.

Hierarchical resource distribution: Statistical type of natu-
ral resource productivity distribution, with productiyit

positively contributing physical factors. Resource produ
ing items of this statistical type within one kind of resceirc
(windy areas, rivers, mines, wells, etc) possess widely dif
ferent productivities which enable their ranking in ordér o
resource quality.

3. Methodology 3.2. Cost-supply curves
The ranking of resources in terms of their productivity, re-
quired for building cost-supply curves, can be done usingta s
Natural occurrences of energy resources are foundfiardi  of histograms of the quantity of energy stocks of flows that ca
ent forms, with varying productivity levels or require vans  be obtained within various ranges of productivity valuebe T

3.1. Economic potentials
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Figure 1:a) Sketch of a hypothetical distribution of cost ranked amswf energy or energy flow units available in various cosgesn The uncertainty over the

amount available in each cost range is indicated with a calbading: the top of the dark histogram represents the mimimamount which has a 98% probability
of being exceeded while the top of the white histogram indgahe maximum amount associated with a 2% probability afgoexceeded. The most likely

guantity is intermediate, represented by the top of the gigpgram.b) Cumulative distribution of energy resources, with uraietyy shown as vertical error bars.

¢) The marginal cost, or cost of extracting an additional ohignergy stock or flow given that a certain quantity has dlydzeen exploited, commonly called the
cost-supply curve, with uncertainty represented as hoté@rror bars.d) Cost-supply curve defined as a probability distributiomeve the red curves indicate

the limits of a 96% confidence level region in the cost-quamtiane, while the blue curve corresponds to the most pletaist-supply curve. The assumption is
therefore taken that there is a 2% chance that the costysapple lies below the upper boundary, and a 2% chance thas ibelow the lower boundary.

productivity variables may be converted into costs, whieh r additional unit of resource given that a certain quantity &a
sult in a new set of histograms representing the amount of erready been used, corresponds to the inverse of the cureulativ
ergy that can be produced at costs within various cost rangesum, shown in pane). Thus, the cost of additional units di-
This is shown in Figurel®), with a typical distribution of en-  verges when the number of units used approaches the tethnica
ergy resources, which decreases at low cost values due to tpetential, at the point of resource depletion. Using theesnc
decreasing number of resources of exceptional qualitytand tainty ranges, or error bars, to define two additional curass
high cost values due to the decreasing productivity or recovsumed to define the upper and lower 96% confidence limits, a
erability of the resources. The shading is a representation probability density can be defined in cost-quantity spacéfe
the confidence associated to their potential availabilibe top  location where the real cost-supply curve would lie if it wer
of the dark grey distribution shows the lowest quantity of as possible to know it with certainty. This is shown in pawig|
sured resources, assumed to be exceeded with a probability where the red curves define the uncertainty area and the blue
98%. The top of the white histogram represents the uppeerangurve represents the most probable of all possible cogihgup
of speculative resources, those assumed to be exceeded witlturves, the mode of the distribution. Such probability dtéas
probability of 2%. The quantity which is the most likely to be are normally skewed, since the uncertainty over undiseul/er
available lies between these extremes, shown with the teof resources lies at higher quantity valdeslote that the uncer-
grey histogram. tainty is assumed to vanish at the contemporary positiohén t
The amounts in each cost range thus possess an unceftaint§ost-quantity plane, since current costs and levels ofoitepl
In order to determine the quantity that can be obtained ager b tion are well known.
low certain cost values, the cumulative distribution fumetis
calculated, shown in panb). This sum converges towards the 3.3. Distributions
technical potential. The uncertainty increases approteig Natural resources are scattered around the planefferelnt
cumulatively with increasing cost values through the rddhe  forms with different probabilities for the cost of their exploita-
cumulative sum of the squares of the individual uncertamaty  tion. Complex processes underlie the formation of these dis
ues, shown with blue error bars. tributions, however, they may follow certain statisticairds,
The marginal cost of resources, or the cost of extracting athe nature of which stems from the nature of the resource. One
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production of wind power. As opposed to solar energy sites,

N Hy Hy wind power production sites can be described by a hieraathic
statistical distribution type.
Wind Power: Solar Power: Resource distributions for nearly identical resources are
Distribution Distribution a maximum value, which corresponds to the best possible con-

ditions for energy production. Meanwhile, resources witir-h
archical distributions occur in large numbers in low pratiluc
ity ranges, and in ever lower amounts as productivity ineesa
This property stems from the large number of positively con-
tributing factors which are required simultaneously inertb
have a resource producing unit with high productivity. Such
a property results in a distribution that decreases expéign

. with increasing productivity, but cutfbbelow a certain low
— 0 Productivity ( MW/km 2) productivity value, where it is simply assumed that no eperg
can be obtained with any reasonable amountffafre This is
shown in Figuré 2, top panel, where a typical distribution fo
nearly identical resources is shown in green, and a hieiaich
distribution is given in blue. Similarly to pane) of Figure[1,

|
|
|
|
|
Hierarchical . Identical sharply defined in a narrow range of productivity, but cflitat
|
|
|
|
|
|
]
]
]
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wherev is the productivity (see definition abové)js the tech-
nical potential,o is the width of the distribution and; is the
minimum usable productivity, in the first case, gmgdis the
Figure 2: Depiction of two types of natural resources, basetheir statistical ~maximum productivity available in the second case.

properties.Top A typical sharp distribution for nearly identical resoeitypes Costs are related to the productivity by an inverse relation
is shown in green, while the broad blue distribution is f@rhrchical resources, Ship

from equationd[{]1) an@2). Both are expressed in terms afymtivity. Differ- C
ent colour shadings represent uncertainty, as in panef Figure[1. Bottom Cc=2
Same distributions expressed as functions of cost, fronateans [) and{4) 4

through equatiori{3). Associated cost-supply curves ammngh the inset. Note  yyith which the distributions can be transformed into cost-

that the technical potential was adjusted to be the sameotbrdurves for vi- . .

sual clarity. quantity space. The scaling factGy, corresponds to a cost
per unit of land or sea area (wind, solar, biomass, wave gherg
digging dfort (oil, gas, coal, nuclear fuels, geothermal energy)

particular property fiects significantly these statistical distri- O construction #ort (hydroelectricity, tidal energy), and the

butions, whether the productivity of resource producingsun ratio Cvar/v has units of cost per unit of energy producez.

(rivers, plots of land, wells, mines etc) tend to be very sim-corresponds to the sum of costs which do not depend on the pro-

ilar, which makes their ranking fiicult, as opposed to re- ductivity, per unit of energy produced. The conversion efsth

source types which have Strong ordering_ For examp|e’ 50|apr0ductivity distributions into cost distributions is deided in

energy can be produced using photovo|taic (PV) pane|s’ anaetail in section S.2 of the Supplementary material, anhﬂyie

these panels may be installed with equal ease almost angywhethe following:

and scarcely populated regions of similar solar irradratiall .

have large potentials for solar energy situated within ey £(C)dC = { ﬁe“’_% dC C>GCo ’ 4)

row productivity ranges where every plot of land has nearly 0 C<GCo

the same productivity value. These are described by a partic

lar type of sFatistica.I distribution for ngarly identicalsourpes. A e‘% dC C>C

The properties of wind energy potentials follow a verffelient g(C)dC =4 ~zre ’ (5)

structure. Plots of land within a geographical region are un C=Co

likely to possess the same average wind speed, and can therehereA is the technical potentiaB a scaling factor an@, a

fore be ranked in order of productivity, and thus of cost fart cost dfset, the set of three parameters required to define every
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distribution given in this work. These functions are ilkaded  are the result of the use offtBrent approaches and assump-
in Figure[2, where the inset shows the associated costysupplions, which can be determinant for the technical potentiél
curves. It is observed that for a similar technical poténtiee =~ ues derived. This is most obvious in resources such as wind
curve for nearly identical resources possesses less cvevad  power, solar energy and bioenergy, where the total amount
to very near the technical potential than those for hieiaeth of appropriate land depends highly onto competing actisjti
resources, a property that stems from their lack of ordeeing  making the assumptions in the evaluation of the land suiitabi
results in similar cost values for most of the resources. factors the main drivers of uncertainty. Other such assiomgt
These functional forms have been found to reproduce vergre world population and the associated food demand, levels
closely the cost-supply curves calculated by Hoogweifkal =~ technological development and changes in agriculturalyee
using the land use model IMAGE, whose work does not astivity. Resource assessments are uncertain by natures &inc
sume any functional dependence on cost for its distribstionis not possible to know with certainty the complete geolabic
[18&,119, 22]. Distributions were calculated by producingtco content of the crust of the earth, or to predict the weathdr an
ranked histograms of calculated potential renewable gnergassociated wind, sunshine and rainfall with perfect fgeisi
flows (wind, solar and biomass) at every point of a°@®5  Thus the comparison of ever larger numbers of natural resour
grid of the earth’s onshore land. Thus, their form origisate assessments is the key to define ranges of confidence, ard thes
purely from statistical properties of the aggregation aantkr  are as important as their associated most probable pdtentia
ing of the resources modelled. Using least-squares nealin ~ This work uses a consistent methodology to define proba-
fits, the cost-supply curves in their work were found to agreeility distributions for cost-supply curves. Three cospply
very well with one or the other of the functions given above,curves are derived from resource assessment data, where two
depending on the nature of the resources: solar energy @iad agare used to define the 96% confidence region in the cost-
cultural land are well represented by the distribution fearly ~ quantity plane, and one taken as the most probable of all pos-
identical resources, while wind power and rest land are welkible curves. In all plots of this work, the most probableteos
represented by the hierarchical distribution. Addititpmahe  supply curves are given in blue and the 96% confidence lim-
distribution for hierarchical resources was found to agve#  its are displayed in red. Uncertainty ranges are almostyawa
with observed cost distributions of uranium as reportedigy t asymmetric, since upper ranges are intrinsically charsei
International Atomic Energy Agency (IAEA) [26]. Examples by smaller amounts of accumulated knowledge.
of non-linear fits of these functions to IMAGE data are giveni  Uncertainty is treated fferently for renewable resources
section S.2.5 of the supplementary material. compared to stock resources. For renewables, cost-supply
No such global cost ranked data exist for the remaining typesurves were obtained from the literature or calculated akelrt
of natural resources that could enable fits of distributidiss  as the most probable curves, while the 96% confidence limits
tribution. Choices of distributions were therefore takernaa-  were obtained by scaling the technical potential to thettirof
sumptions, made based on the physical nature of the resourcéts uncertainty range, defined by an ensemble fiedént stud-
Potential basins that could be created for hydroelecirimits-  ies® In the case of stock resources, all resource assessments
sess very individual characteristics, which makes thermahie provide classifications associated with cost ranges aridusar
chical. Geothermal resources, however, were treated as a higvels of confidence. In these cases, three cost-supphesurv
brid mixture of the two, since good geothermal sources in acwere calculated by assigning probabilities to uncertastagsi-
tive volcanic areas such as Iceland can be ranked, but lardiations, as in panel) of Figure[l (i.e. reserves were assumed
amounts of very similar sites can be found in non active arto exist with a 98% probability, while reserves plus all sgae
eas. Stock resources however were treated slighffgréntly.  tive resources were assumed to be available with a 2% proba-
Different oil and gas occurrence subtypes (e.g. conventionaility). Individual methodologies for all types of resoecare
gas, shale gas, clathrates, etc) originate froffecént geolog- described in the supplementary material.
ical processes which have no strong relation to one another,
and should therefore be treated independently. Thesenmsou
subtypes are characterised withffeient costs of extraction. 4 Renewable energy resources
They were assigned one hierarchical distribution per sty
and subsequently aggregated. This resulted in composte co
supply curves with complex structures. Coal, uranium aod th  Wind speeds depend strongly on altitude as well as on land-
rium resources were considered to occur as a single subtyps;cape topologies, the climate and the type of land cover, or
supported by the fact that the data for uranium was found tooughness. In general, wind speeds increase logarithiyical

4.1. Wind energy

follow well the hierarchical distribution. with elevation at low altitude (see for instance Sgrenséf)[2
_ and, for a specific elevation and geographic location, ostasr
3.4. Uncertainty tistically following a well defined Weibull probability disbu-

The methodology used in this work for treating uncertaiaty i tion which decreases both towards zero and large wind speeds
fundamental to this analysis of economic potentials asatved  (for instance Grubb and Meyer [28]). Average wind speeds on
the incorporation all available information, even whenrses  sites useable for energy production, for instance in theddni
are inconsistent or conflicting. Inconsistencies can bexdou Kingdom, range between 5.1 and 9smat 10m elevation, the
between assessments for most individual natural resquacds lower boundary determined by technology and the upper limit
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Figure 3: Cost-supply curves for renewable resources: waveer, solar energy, hydroelectricity, geothermal pobiEnnass and ocean energy.



by the decreasing supply of locations with large wind speedsumber of sites with average wind speeds above 5s], but

(for instance inl[2/7]). The power densityffered by land ar-
eas must be calculated using technical characteristicartitp
ular turbines. For a particular site, one integrates ovewiald

speeds the product of the site wind speed probability Bistri

with an arbitrarily chosen value of 4% of that land available
for wind turbine installation, in order to account for atiative
land uses, taken as the lower boundary of the uncertaingeran
[34]. All other existing studies result in values withinghiange

tion and the turbine power curve. However, a correlatiostexi [28,132]8

between the yearly averaged wind speed and the number of full It is to be noted that using up a large fraction of that po-
load hours|[29]. The minimum possible distance between-a tuttential results in large areas becoming covered by wind $arm
bine and its neighbours in a wind farm are determined by ®sseSince typical individual wind turbines currently have ceitias
produced by the wake of neighbouring turbines which result®f 3 MW but capacity factors of about 25-35%, compared to
in lower wind speeds and increased turbulence, and scatles wi80% for coal power stations, replacing one coal power statio

the turbine rotor diameter, limiting the density of enerbugtt

of 1 GW for wind energy requires 700 to 1100 turbines, cover-

can be extracted per unit of land area (for instance in thd&kworing an area of 500 to 1500 Kycompared to about 1 khfior the

of Mackay [30])® Hoogwijk et al. assumed a maximum density
of energy production of 4 Mykm? [1€].

original power statioh Even though agricultural land used by
wind farms may still be cultivated, and therefore a comjmetit

Various research groups have calculated the global distrib for land with agriculture does not directly occur, strongi®m
tion of wind power, resulting in a range of values between 7Gsions reductions pathways based on substituting foss# foe
and 2509 EJ for onshore wind power [19, 28, 31+34], and renewables likely implies that, given the large number afdvi

about 57.4 E¥ for offshore wind power [16]. A global on-
shore value of 346 B has been derived Hoogwigdt al [19],
in whose work, used for the present analysis, estimatioas-of

turbines required, these would invade permanently tiuti
rural landscapes.
In the case of fishore wind power, although distributions of

erage wind speeds were applied to points on a global onshowgind speeds atfshore locations tend to have a higher median,

grid, as well as the land suitability for the installationwaihd
farms using the land use model IMAGE 2.Energy potentials

the air flow possesses less turbulence and wind speeds gary le
in time, all of which contribute to produce a higher power-den

obtained from yearly averaged wind speeds determined on egity in terms of geographical area, the total area where sueh

ery point of the grid were subsequently aggregated int@uari
cost-supply curves for specific regions of the world, actayd
to the land suitability factor of each point. Cost valuesenee-
termined using a present value calculation including fixed a
variable costs, capacity factors and energy densitieceted
to particular land areas.

Wind farm sites follow very strongly the distribution for-hi
erarchical resources (see for instance the exceptiondlRige
ure S.4.1 in the supplementary material), since good sits w
average wind speeds exceptionally suitable for energyyarod
tion are geographically scattered, and the majority of aiea

bines can be installed is small compared onshore areagsunle
floating turbines become widely available [36]. The potainti
of offshore wind energy was evaluated to 22y Hoogwijk

et al and to 57.4 by Krewitet al, both based on the work of
Fellowset al with power density values of 10 and 12 Mk?
[16,132, 37]. This potential could be at best only approxehat
six times lower than the most probable potential of onshore e
ergy given in Figuré¢]3, and costs per unit energy are signif-
icantly higher|[38]. Due to the lack of reliable and congiste
cost data, a cost-supply curve fdfshore wind is not presented
in this paper.

any region of the world possess mediocre average wind speeds

allowing a strict ordering of resource units (see for instathe
European Wind Atlas [35]). The profitability of a wind farm

4.2. Solar energy

venture depends strongly on the quality of the wind resqurce Solar radiation over the Earth surface is of about

determined through capacity factor and average turbuleslee

1.2x10° TW, or 3.6<10° EJy [39]. The fraction of that en-

ues. For a fixed turbine investment cost, low capacity factorergy that can be harvested with existing systems has been es-

increase dramatically the cost per unit of electricity proed.

timated by several studies, and ranges between about 1340 to

Figure[3 presents the global economic potential for wind14800 EJy [18,121,40]. Even though the total generation of en-
power. It gives an aggregate cost-supply curve, using fer thergy from solar technologies has been increasing steadily d

most probable curve the data calculated by Hoogwijlal,

ing the last two decades, they still represent very low perce

which involves the most detailed methodology for determin-ages in their respective categories; solar heating systems

ing the suitability factors, resulting in a technical pdtehof
346 EJy [19]. While Lu et al. estimated an optimistic techni-
cal potential of 2509 By by calculating wind potentials over

count for 0.3% of the total energy used for heating in 2008, an
solar electricity generation represented only 0.06% ottt
electricity generation during the same year [41].

the global onshore area and excluding low wind areas by re- Solar energy can be harvested using either of two existing

stricting capacity factors to values above 20% [31], Arcéier
al. calculated a potential of 2257 fJn an assessment where

technologies, photovoltaic (PV) devices (se€ [42]) or @mc
trated solar power (CSP) (see the International Energy égen

the land included was restricted to class 3 wind energy siteEA) Energy Technology Systems Analysis Programme (ET-
but did not include alternate uses of the land, a value taken &SAP) [43]). Single crystal silicon photovoltaic diodes @mtly

the upper boundary of the uncertainty range [33]. Meanwhilehave light conversionficiencies of up to 25%, while IlI-V
an estimate of 70 B was obtained using an evaluation of the semiconductor cells such as GaAs systems hfig@encies of
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up to 28%, and solar cells using concentrated sunlight can co the extent that around 23% of the global hydroelectric tesain
vert light as diciently as 43.5% [44]. The resulting electricity potential is currently in use. However, its exploitatiooand
generation energy density ranges between 5 and 10Qksidy  the world is not even: 25% of the European technical potentia
depending on the type of devices used and the geographical lbas already been developed, while Africa uses only 7% of its
cation. On the other hand, CSP technology uses a traditionalydroelectric resource [46].

steam turbine where water was heated using sunlight concen-
trated with various arrangements of mirrors, and hdfieien-
cies of around 13-24% and energy densities near 25k
[14,143]. These systems are however restricted to highiirrad

ance areas, and therefore have a lower global technicahpote C .
tial. Solar energy is well represented by a distributiornmfearly ent factors, which mclyde material and labour costs, bso al
: critically the opportunity cost of the land. The latter nafe

identical resources, since within areas of similar irradeaand .
. to the consequences of flooding large areas of land, and the
average cloud coverage, its cost does not depend strongly on

the nature of the land, having identical productivity val tieat _rgsultlng dlsplacement of communltles_and agnc_ulturaxk_/ac
.{tles, and thus varies strongly from region to region. Fas th

depend solely on the chosen technology, and the opportuni . . i
cost of the land is the limiting factor to its technical pdieh P.é_ason, the deploy-ment.of hydropower is often de_uded on po
litical rather than financial grounds. Hydroelectric resms

Flgur(_aB shows the global economic potent_lal for solar €M were assumed in this work to follow a hierarchical distribog
ergy, using PV as technology. It is an aggregation of curees d

termined in various world regions, based on the work of Hoog_smce available natural basins that can be flooded possstg va

wiik [L8], but rescaled to match the values of de Vrasal different geographic Characteristics that make them unique and
[21]. The global technical potential is of 3384/f£JRegional produces strong ordering.
cost-supply curves were drawn from an analysis performed us Figure[3 shows the global cost-supply curve for hydroelec-
ing the land use model IMAGE 2.2 to determine land suitapilit tricity, where the dotted line indicates the cost at the entrr
factors and the opportunity cost of the land at every poird of deployment of 12 BY, 23% of the modest value of the most
global grid, while regional estimates of solar irradiatiware  probable technical potential of 66 fgJcalculated in this work
used to determine the energy potential, which have beem takdrom data gathered in the World Atlas and Industry Guide 2011
here for the most probable cost-supply curve. The lower Boun [4€]. The high deployment to potential ratio is an indicatio
ary curve of the uncertainty range, with a technical potduti ~ that the remaining number of suitable sites for building dam
1340 Epy, is the one evaluated by Hoogwigk al, while the s relatively limited. The intersection of this curve withet
most probable curve was taken as the 2000 value of de ¥ries current total hydroelectricity generation value yieldsostcof
al.. The upper boundary curve of the uncertainty range, with groduction of about 68 USIMMWh. However, the development
technical potential of 14778 B4 is the 2050 projection of de of hydropower projects hardly follows an order based ongt,co
Vries et al,, and stems mostly from increases in land availabil-but follows instead an order dictated by political consadiems,
ity following future reductions in the amounts of land reguai  which are out of the scope of this work. Therefore, this vadue
for agriculture through improvements in productivity[21] only indicative, and projects with LCOE values between 28 an
The use of a large fraction of the technical potential foasol 460 USDMWh have been recently developed|[48]. The use of
energy using PV systems signifies covering up large amounthis cost-supply curve in modelling involves the inevitabks-
of land with solar panels. Mackay calculates an average prasumption of development following a cost order. In long term
ductivity value of 10 MWkm? for the United Kingdom, while  scenarios, this is reasonable, since the development difithe
Hoogwijk used values between 6 and 25 MW?, depending ited number of remaining available sites involves eitheréas-
on the geographical location, with capacity factors of upG®  ing opportunity costs in inhabited areas due to increasing |
[18,130]. When compared to coal power plants of capacity oftal populations, or increasingly large transmission cas$®ci-
1 GW and capacity factor of 80%, this implies that the replaceated with increasing distances to uninhabited areas. Téie co
ment of one such power plant by solar panels requires an areapply curve was derived using the theoretical, technindl a

Costs of hydroelectric systems are highly site-specific
and were found to have varied between around 400 to
4500 USD200XW in an extensive global analysis done by

Lako et al [47]. These values are influenced by manffet

between 50 and 500 kin economic local potential values from [46]. Since the d&finit
o of the economic potential in IJHD is not given, the (asymmet-
4.3. Hydroelectricity ric) range of the distribution of recent cost values in thekvo

Hydropower stems from water pressure gradients that aref Lako et al. was interpreted (in 2008 dollars) as what is cur-
produced by the runfbof rainfall through landscape topogra- rently assumed economic. The remaining technical potfentia
phies, using dams to restrict water flow and accumulate wéater (above the economic potential) was assumed to involve highe
elevation level higher than that given by the landscapelyce  costs. The upper boundary curve of the uncertainty range was
ing a potential for electricity production using turbineeé for  derived by considering the aggregated global theoretintp
instancel[45]). Hydroelectricity is the most deployed rgable  tial of 144 EJy from the data in the World Atlas and Industry
electricity technology, with a global installed capacifictose  Guide, while the lower boundary curve of the uncertaintygean
to 1 TW, which produced around 2% of the total primary energywas derived by assuming that no additional constructioryef h
supply in 2008([41]. As a fraction of its total technical pote droelectric dams occurs in the future, limiting future hyelec-
tial, it is also the most developed of all renewable resare  tric generation to 12 By
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4.4. Geothermal energy dry systems developed by Goldsteihal [59], Bertani esti-
mated the total geothermal installable electricity pradgca-
Geothermal resources, stored beneath the Earth’s surface {bacity of 1200 GW (36 EJ), including hydrothermal and EGS
the form of heat, are heat sources constantly replenished Q)échnologies [60, 61].
the radioactive decay of isotopes of uranium, potassium and The global aggregation of curves yields the cost-supplyeur
thorium (see for instance [49,150]). Although geothermaithe presented in Figuid 3. The associated global technicahpate
has been used since prehistory, and its utilization forte#y  of 36 EJyr, involves a 95% capacity factor. Cost values were
generation commenced at the beginning of the last centsry, i gptained from the International Energy Agency (IEA)/[62heT
current deployment is small in comparison with other sesirce|o\er and upper boundaries of the uncertainty range, of 4 and

of energy. It currently accounts only for 0.3% and 4% of theq 14 EJy, are explained in section S.3.4 of the the supplemen-
total electricity generation and heating production resipely tary material.

[41,/51)52].

Geothermal resources are classified in four categories: h)Z 5. Bioenergy
drothermal (liquid and vapour dominated), hot dry rock (véhe
fluids are not produced spontaneously), magma (molten rocki Bioenergy, energy derived from plants, is currently the imos
regions of recent volcanic activity) and geopressuredifigit-  widely exploited renewable energy resource, with 5 ElD%
pressure brines containing dissolved methane) [53]. Th&t moof global annual primary energy use [41]. The combustion
commonly used type is hydrothermal, although high expectaef biomass derived fuels is nearly carbon neutral if Q-
tions exist regarding the development of Enhanced Geotllermtake during plant growth is taken into account, minus losses
Systems (EGS), oriented towards the hot dry rock type througoccurring in transformation processes. Thus, biomassdbase
hydraulic stimulation/[54]. According to estimations méue  technologies provide an important emissions mitigatiotepo
Aldrich et al based on a report of the Electric Power Researchial. While biomass combustion using integrated gasificati
Institute (EPRI), the estimated geothermal heat accumdilat combined cycle technology (BIGCC) is expected to become
under the continental masses to a depth of 5 km depth is ahe most ficient biomass based electricity production method
approximately 1.4810% EJ, most of it assumed to be stored in [63], the combination of biomass and carbon capture and stor
rocks and water, with a proportion of 6:1 in favour of the ferm  age technology has been shown to produce negativee@s-
[55,156]. Even though this is a vast amount of heat, only alsmakions [64], thus providing the potential foeductionsof atmo-
part is recoverable for productive purposes. spheric CQ concentrations, or for compensating other emis-

While geothermal resources are available all over the worldsions. Moreover, the emissions factors of some power plants
their accessibility dfers from site to site according to vari- using conventional coal technologies are being be reduged b
ous technical characteristics including the geologicaicstire  co-firing coal and biomass fuels. Meanwhile, liquid bio&iel
of the ground and the depth and type of heat reservoirs. Iderived from biomass, such as ethanol and biodiesel, have th
the vicinity of tectonic plate boundaries, narrow zonesrcha potential to replace oil-derived transport fuels with miai
acterised by significant volcanic activity (so-called wiic  changes in vehicle internal combustion engine technologly a
belts), geothermal gradients are particularly high, betwd0 jet engines/ [65].
and 80°C per km of depth, enabling the extraction of high Biomass currently used for electricity and biofuel produc-
temperature geothermal resources. On the other hand, are#en largely originates from forestry and agriculturalideges,
with low volcanic activity are characterized by low and uni- and other forms of commercial or household mixed solid waste
form geothermal gradients: around 26 per km of depth Volumes of waste available could amount up to 100yt
[55,/56]. The extraction of geothermal resources in actieas.  are highly uncertain and not studied hérf25,66]. The larger
are highly site-specific, and thus were assumed to follovsa di share of bioenergy potential lies with the production ofided
tribution for hierarchical resources [57]. Meanwhile, fe-  cated biomass crops. Global technical potentials for pgma
mal gradients in the rest of land masses have very similg-pro bioenergy range between 0 and 155@yH20,(21 (24| 25, €7].
erties and costs, and were therefore assumed to follow & dist Bioenergy crops include perennial woody short rotation-cop
bution for nearly identical resources. Cost-supply cuwese  piced trees, such as willow, poplar or eucalyptus, perénnia
produced for both types of land and both hydrothermal and EG§rasses such as miscanthus, elephant grass and switgchgrass
technologies, generating four curves which were subselyuen starch rich crops such as wheat, corn, sugar beet and cahe, an
aggregated in each world region. oil rich crops such as rapeseed and palm. Depending on their

Stefansson found a high correlation between the number afature, they can be transformed into energy carriers bygusin
active volcanoes in a particular region and the estimatdef t among many processes, combustion, gasification or anaerobi
size of hydrothermal resources for electricity generaiiiothe ~ decay for electricity production, fermentation or the Risc
same regior\[58]. Using the total number of volcanoes aative Tropsch process for transport fuel production [68].
the world, discarding those located on the sea floor or incarct  Biomass production for energy purposes makes use of agri-
regions, he estimated a global installable hydrothernegket-  cultural land and thus may have a high opportunity cost. The
ity producing capacity of approximately 200 GW (producingtechnical potential that lies in agricultural land is largat en-
6.0 EJy of electricity with 95% capacity factor). Using this in- ergy production from biomass is in direct competition farda
formation, along with the statistical analysis between ared ~ with food production, a situation which has the potential to
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drive significant increases in world food prices![69]. Fallo by Smeetst al was taken for the upper boundary of the un-
ing the approach which has been used recently by many awertainty range [24, 25]. For a decarbonisation scenahi@, t
thors (for instance in_[20, 22, 24,125]), the explicit asstionp  cost-supply curve derived for the B1 SRES scenario was con-
is taken in the present work that future bioenergy productio sidered the most probable cost-supply curve, but for ofpers
uses no more than leftover land after the global food demandf scenarios, choices of curves consistent with partioutak-
has been met, a premise that iffidult to justify in the absence ing assumptions should be made.
of specific legislation and further investigations, butvbias
the complex problem of simulating food and biomass prides. 4.6. Ocean energy sources
Thus the bioenergy potential is obtained by subtractinghnfro  The term ocean energy denotes renewable energy produced
the total biomass potential the amount required by the faad d using seawater as a resource, where unlike for wind energy or
mand, based on population growth curves and dietary assumpydroelectricity, not only the kinetic energy of seawatan be
tions. used to produce electricity, but also temperature grasliarihe
Hoogwijk et al. evaluated the use of the land at each pointocean and salinity dierences near river mouths. Using ocean
of a global grid yearly up to year 2100 using IMAGE 2.2, in energy as a general classification type, it can be dividea int
which leftover agricultural land was termed ‘abandonedilan four main sources of energy [711, 72]:
[2Q,122]. The reported cost-supply curves were observed in
the present work to follow a distribution for nearly idertic
resource units using non-linear fits of €. (5) to their data.
addition to agricultural land, however, other types of gapdy-
ical areas with lower productivities exist which can be ufsed
particular bioenergy crops. These were labelled ‘rest’lagd
Hoogwijk et al. and contribute a significant global technical po-
tential. They were found to follow the distribution for haer
chical resources by using fits of efj] (4) to their data. Exaspl
of such fits are described in section S.2.5 of the supplementa
material. Land use depends strongly on assumptions reggardi
world population, diet habits, global urbanisation and¢éraf
agricultural products. The four main SRES scenarios, A1, A2 Section S.3.6 of the supplementary material provides a re-
B1 and B2 (see [70]), were taken as assumptions for all exogedew of theoretical potentials for these sources, resglima
nous variables in these calculations, and results are megbe total that could be as high as 600/%J Technical potentials
for each. Large dierences arise between scenarios, with techhowever are much lower and uncertain, since the current-deve
nical potentials ranging between around 302yHdr the A2  opment status for ocean energy technologies excludinbisda
scenario to 676 By for the Al scenario, which result in large preliminary, and cost data is in some cases unavailable: Spe
uncertainties for values of the global biomass technic&ipo cific geographical and configurational requirements foaltid
tial. This work has however been revisited more recentlinggk and salinity gradient technologies involves, as it is theedar
into account additional assumptions of future water staazid ~ hydroelectricity, calculating the technical potentialdyymming
land degradation by van Vuuren al,, yielding lower estimates the potential values from a large number of individual stgdi
ranging from 120 to over 300 EJ [67]. Other ranges have bee8uch studies have not been performed exhaustively on a wide
estimated using flierent methodologies, with more pessimistic scale yet. Meanwhile, wave and ocean thermal are based onto
projections of 0 to 648 By by Wolf et al, and optimistic values global extrapolations carried out using physical measerdém
of 367 to 1548 E¥ by Smeetst al. [24,[25]. The low end of Global energy potentials calculated in various studiegamen
the range given by Wolgt al. stems from high projected food in table[1, and additional details are given section S.3.hef
demand and low agricultural productivity, while the highden supplementary material.
is due to mostly vegetarian diets and high productivity. Mea  Energy potentials for ocean thermal and salinity gradient e
while, the high end of the range of Smeetsl originates from  ergy are theoretical and highly uncertain, and no reliabl c
‘super high’ agricultural productivity, high availabilitof the  estimates were found. These types of resources were therefo
land and landless animal production systems. not included in the present calculations for the most prébab
Figure[3 presents the global economic potential of biognergcost-supply curve, due to the risk of generating misledgling
in terms of primary energy before conversion to electricity —optimistic potentials given the lack of reliable informeatit4
liquid biofuels (derived from the data in [20,/22, 24, 25Bjng  Wave and tidal systems are better established. Therefsfe, u
both abandoned and rest land, but includes also a small conng cost values obtained from the IEA and the ETSAP, a cost-
ponent from bagasse of 3 &J Four cost-supply curves are supply curve for ocean energy based on an aggregation of sepa

e Wave energy driven by transfers of energy from the wind
to the surface of the ocean,

¢ Tidal energy, driven by the rise and fall of sea levels due
to gravitational forces (tidal range) and the resultingerat
currents,

e Ocean Thermal Energy, driven by temperature gradients
between upper and lower ocean layers,

e Salinity Gradient energy, derived from salinity gradients
between ocean and fresh water at the mouths of rivers.

given, calculated by Hoogwijkt al for the A1, A2, B1 and
B2 SRES scenarios in 2050, shown as solid cUf/f2g]. A

rate cost-supply curves for wave and tidal energy was prediuc
and is given in Figur€]3, with a small technical potential of

value near zero was taken for the lower boundary of the un22.5 EJy [4&,/71]. The lower and upper boundaries of the un-

certainty range, consistent with the low end of the rangeuzal
lated by Wolfet al while the high end of the range calculated
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certainty range were obtained from the extremal values ofi8 a
72 EJyr respectively given in tablg 1.



Oill Natural Gas

10 10
Oil Shales
Methane
8 Oil Sands 8 Hydrates
3 3
o 9 o 9
2 2
~ Conventional Oil ~ Shale Gas
% 4 B 4 Coalbed Methane
S S Tight Gas
2L ot -
Conventional Gas
o ' ' ' ' o ' ' ' ' '
0 20 40 60 80 0 20 40 60 80 100
Resource ( 1000 EJ) Resource ( 1000 EJ)
Hard Coal Soft Coal

Cost (USD/GJ)
Cost (USD/GJ)

0 100 200 300 400 00 20 40 60
Resource ( 1000 EJ) Resource ( 1000 EJ)
Uranium Thorium
0.1
0.08}
=) =)
)
s 2 0.06}
%) N
2 >
= 5 0.04}
0.02
0 0.5 1 1.5 2 2.5 0 2 4 6 8 10
Resource ( 1000 EJ) Resource ( 1000 EJ)

Figure 4: Cost-supply curves for fossil and nuclear resesjrincluding oil, gas, hard coal, soft coal, uranium anditime. Hard coal includes anthracite and
bituminous coal, defined as coal with a calorific content abb® 500 kkg. Soft coal corresponds to sub-bituminous coal and kgrihd includes all coal with a
calorific content lower than 16 500 /kdj.
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Technology Min. Mode Max. Study  the energy modelling community; however they are becom-
Ely Ely Ey ing increasingly outdated. This section provides an uptiate
\é\fg%y o3 18.9 [[73%4]] the work of Rogner, but using an approach emphasising uncer-
65 [11] tainty, and thus, following the spirit of the current tre@im of
Tidal 18 [74] renewable resources, in opposition to the approach of Rpgne
Energy 3.6 [74] the results of this section should be interpreted as raragasm
Total 81 555 7752 (3] than specific values.
Ocean 32 [75] The economic potentials of fossil fuels are given in Figure 4
Thermal 32 [75] showing in order liquid hydrocarbons, gaseous hydrocasbon
Energy 85 [76] hard and soft coal, the last two being classified using their
éfgg:tgm >8 792 [[712]] calorific content> For oil and gas, dierent types of occur-
Energy 83 (78] rences considered in this assessment are indicated with tex
Total 17.1 62.8 240.2 These are associated with independent distributions dfitre

_ _ , ~archical type, aggregated to produce composite curvest®ue
Table 1: Technical potentials forftierent types of ocean energy used to define the wide use and alobal fiision of fossil fuel extraction tech-
the cost-supply curve. The uncertainty ranges are definied tise Min and g

Max values, whileModerepresents the most probable value. nology, extraction cost ranges were assumed to be the same fo
all regions of the world. In the case of coal, less informmatio
was found over dfering types of mines and associated costs,
and single distributions were used, where costs were assume
to vary little with the amount extracted. This is unlikelyrtat-

. terin the long run given the very large scale of the resowacd,
5.1. Fossil fuels limited expegtatiogs of its depI)e/tior?.

As it occurs with all types of exhaustible natural resources  Uncertainty ranges were determined using resource classifi
fossil fuel resources and reserves are known to continyeds!  cations, and in some cases where this is unavailable, their n
pand, even though they are gradually consumed. This is due tare. Oil occurrences obtained from the World Energy Counci
periodic resource discoveries and improvements in themdsth and the German Federal Institute for Geosciences and Nlatura
of extraction. Therefore, what is considered economicakto  Resources are classified as either reserves or resourdas, wi
tract changes every year. Reserves are distinct from ressur the exception of oil shales, which are as a whole considered
the former referring to the resources that are known to existesources only [13, 15]. Four types of oil resources were con
with almost complete certainty and to be economical to ektra sidered, conventional (crude) oil, oil shales, oil sandbeira-
while the latter refers to those which are thought to exishwi heavy oil. Cost ranges were obtained from the IEA [80]. Gas
various degrees of confidence, and those currently thooght t occurrences follow a similar trend, but a larger number péty
expensive to extract. As technological improvements amlitad of resources were considered: conventional gas [13], gjasle
tional knowledge fiect the economics of flerent methods of  [81], tight gas|[11, 13], coalbed methane![82] and methane hy
extraction, there is a flow from resources towards researes, drates|[83]. The respective cost ranges were obtained fiem t
thus reserves expand [23, 79]. Meanwhile, discoveriesmont ETSAP [84]. Large amounts of methane are known to exist dis-
ously add to resources. As prospecting activities for hgdro  solved in aquifers [11], but were not included due to the laick
bon sources remains very active, this makes the productfion @eliable data. Information for coal was derived from a migtu
cost-supply curves moreflicult than for renewables, since is of data [13, 15]. Complete details on the methodology under-
at best a snapshot in time of what is known to exist and recovlying these curves, as well as region specific data tablebean
erable with current technology. found in the supplementary material.

In order to assess global energy potentials, it is nevestisel
necessary to explore cost-supply curves for fossil fuelene
if they are derived from current knowledge, and therefore ex
pected to change in the future. It is unlikely that fossillfue Five sources of fissile materials for nuclear reactors are
resources turn out smaller than what is currently expectedt  known to exist. These are enumerated in order of cost. The
ist. On the contrary, it is probable that they turn out sigaifitly ~ first comes from stocks of highly concentratéélJ (uranium)
larger as methods of extraction are devised for types ofreccuor 22°Pu (plutonium) originating from decommissioned nuclear
rences which were until recently not thought possible tq usearsenals diluted witi¥38U. The second source is lightly en-
such as gas hydrates or oil shales. Therefore, the costysuppiched?®°U/2%U produced from mined natural deposits. The
curve uncertainty ranges are highly asymmetric. The assocthird originates from U and Pu recovered from spent fueln@si
ated extraction costs, which increase as low cost convaaitio the PUREX process [85]). The fourth source is thorium (Th)
sources are depleted, nevertheless decrease due to tgihnol using the?32Th/233U fuel cycle. The fifth source is U which oc-
cal improvements, and it is therefore not immediately obsio curs in very low concentrations in seawater. Producing & cos
whether costs are likely to go up or down in the future. supply curve involves creating a scenario for the nuclectose

Global cost-supply curves have been calculated previouslgnd requires careful consideration of uncertainty. Addiilly,
by Rognerl[23]. These results have been used extensively b ingenious use of fast reactors is invoked for the futuresl f
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efficiencies of up to 50 times larger could be obtained, alteringg. Summary of energy resources
dramatically these expectations.

In ord_er to construct a cost-supply curve for U and Pu, théxesource Use | Technical Potential
nuclear industry was assumed to continue to use currentmetRame Type  Dist. EJy L M U Units
ods and thermal reactors, and therefore, only fuels oriigiga  Wind Flow  Hierarch.| .72 72 346 2257 BN
from naturally mined U and from nuclear arsenals were conSolar Flow Identical | .04 | 1340 3384 14778 By

sidered. Many authors stress that deposits of Th worldwiee a 7Ydro Flow = Hierarch.) 12\ 12 66 148  E§

. Geotherm.  Flow  Hybrid 0.23 4 36 111 E,
three times Iarge_r than those of U [85:-88]. Hc_)wever, less efgiomass ~ Flow H;,/brid 51 0 447 1548 Eg
forts at prospecting for Th ore have been carried out and as @cean Flow  Hierarch| .002 8 23 72 EY
consequence, the current reasonably assured reservesiof ThOIl Stock  Hierarch.| 170 9 67 98 12EJ
tonnes of natural Th, are lower than those of U [26], a sitmati  ©2 Stock - Hierarch, 109 7o 46 106 19E)

L . . Hard Coal ~ Stock  Hierarch) .o 24 220 419 18EJ
which is likely to change if interest in Th grows. The nuclearsog coal  stock  Hierarch] 5 37 75 16EJ
fuel cycle for Th being morefécient than that of thermal reac- Uranium  Stock  Hierarch| 30| 0.83 1.36 343 1}’EJ
tors based on U, it leads to larger amounts of energy per tonrighorium Stock  Hierarch. - 174 468 1227 REJ

of natural Th and thus leads to lower fuel costs per unit of en- .

Cost lvinclude th tracti ts i by tHEAA Table 2: Summary table for all energy resourcesock Flow indicate whether
er_gy. 0sts _On y 'nc ude e_ex raction Costs given _y ! resources are renewable flows or stocklierarch./Identical/Hybrid identi-
without the inclusion of enrichment or transformation c@hp fies the type of statistical distribution assignedse refers to current yearly

nents. consumption of these resourcdsindicates the lower boundary of the uncer-

. tainty range M indicates the most probable technical potentihindicates the
Detailed resource data from the IAEA for naturally occur- ypper boundary of the uncertainty range.

ring U and Th were used to construct two cost-supply curves

and associated uncertainty ranges [26]. The data are -classi

fied into four levels of certainty and four cost ranges. Such Table[2 provides a summary of all types of global energy
resources generally increase naturally in size with irgirga  resources, classified by type (renewable flows or stocks), to
costs of extraction, as well as with uncertainty, dieet pro- which a type of statistical distribution it is assigned (foer-
duced by the hierarchical ordering of natural resourcewmps ~ archical or nearly identical resources, or a hybrid mixtofe

tion and by the decreasing amount dfoet which has been both), along with technical potential values. The potd v
spent on prospecting activities for resources more and dibre ues are given with their lower and upper boundaries of the un-
ficult to exploit. For the conversion of resources from taggg  certainty ranges. For comparison, current consumptiohesfe

to energy values, an average conversifiitiency for thermal resources is given based on data from the IEA [41]. Note that
U reactors of 159 T8 was used, determined from the 2008 biomass resources are expressed in terms of primary energy,
electricity production of 2611.1 TWh from a global fleet ca- which become smaller when converted into electricity adeor
pacity of 273.7 GW, with a capacity factor of 80%, which useding to the dficiency of transformation.

59 065 t of natural uranium_[26]. Meanwhile, the burnup rate

for Th reactors was derived from the value of 24 000 MWd 7 Conclusion

reached by the experimental Indian model [86], equal to fibou

2100 TJt. Panelse) and f) of Figure[4 present the resulting  Thjg paper presents an assessment of global economic energy

global economic potentials for U and Th. Uncertainty ranges)sentials for all major energy resources, those with arpiizte
for U were obtained by considering only reasonably assweed r larger than 10 BY. These were given in the form of cost-supply

serves (RAR) for the lower boundary of the uncertainty rangecrves, adding an economic structure to energy potensats,
RAR and inferred reserves for the most probable cost-supplierefore providing them an unambiguous definition. Aduiti
curve, and all of the RAR, inferred, prognosticated and 8pec g1y these were provided using a probabilistic constarcthat
lative resources for the upper boundary of the uncertaamye.  5jjo\s a simple representation of uncertainty. The curvesw
The uncertainty ranges are highly asymmetric due to the tercalculated using assumptions over the cost distributioreof
dency of the size of speculative resources to increase tth t sources using functional forms based on statistical ptegsaof
level of uncertainty. It is observed that in terms of energy, resource types. The set of energy potentials include sestpp
serves of Th are larger than those of U, and that these are alsenewable energy sources, wind, solar, hydroelectricthgeo
less expensive per unit of energy, due to the higher burniep ramal, biomass and ocean energy, as well as four types of fossil
of the Th system. It must be emphasised that U resources,coulfiiels, oil, gas, hard and soft coal, and two nuclear material
in principle, be used with much higher burnup rates, were fasuranium and thorium. While the potentials for renewable re-
reactors to be deployed globally. The resources of U do nasources were determined predominantly based onto an exten-
include seawater U, as data over these are scarce and highive review of the literature, potentials for stock resesre/ere
speculativé® Finally, it is to be noted that the fuel component determined directly using resource and reserve assessatant
of the levelised cost for nuclear reactors is very small careg The cost-supply curves calculated in this work were pro-
to the investment costs, which results in a very small infbeen duced in order to be used by the global energy modelling com-
of the fuel costs onto the decision-making, unless nuclear r munity, for the purpose of constraining models of the energy
sources become depleted. sector in order to produce realistic scenarios of futuregne
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use. Itis hoped by the authors that this work will supersede 0 around 65 m\im? at the continental level, producing an average thermal en-
dated studies currently used and provide a consistentbucal €rgy recharge rate of about 315/¥J90]. This value can be considered as the

. theoretical potential of geothermal energy if viewed imtsrof sustainable ex-
lated update for all types of energy resources. In particthia traction of geothermal resources over an extended periodekter, the amount

large set of regional cost-supply curves underlying ther@gg of time over which geothermal resources could be used aehigties than this
gate curves presented in this paper form the core of a newlmodie likely to be more than one thousand years.

for natural resource use and depletion for the global E3 inode *'Waste amounts depend offieiency of biomass use (such as in food or

. timber production) and therefore subject to significantngjes depending on
E3MG, to be used throth the famlly of teChnOIOgy mOdelsfuture policy. These are thereforefitiiult to model, as are their associated

FTT. Other regional aggregates can be provided by the agithorcests of production.
Resource assessments, however, change continuously as newBioenergy potentials could in principle be larger if glotiabd demand
information becomes available. and as new and more SOphi§- not met. However, it will not be lower if global food demarslindeed

. . . . . met. The problem of simulating food prices is complex asvibives modelling
ticated studies are carried out. Therefore, while the pmisn both local food markets, underreported in developing agesitand éiciency

presented here may become outdated in the future, howeyer tbhanges associated with changes in food prices.
methodology presented will not. The simple and robust tieor ~ **values projected for the year 2050 were used since amoutgadpoten-
ical framework and computational methodology presenteel he tially available in the future are expected to increase duedreased agricul-

. tural dficiency.
can be very useful for reporting natural resource assedsmen 14The costs for ocean thermal and salinity gradient energgsyssare likely

and enable direct use in models of energy systems. It woul@ be much higher than those of tidal and wave energy. Thiddvsult in a
therefore be appropriate to reuse this approach with neav dapiecewise cost-supply curve featuring an additional stéyigh costs.

; ; ; ; 15Hard coal includes anthracite and bituminous coal, whifecal includes
as they become available, either by rescallng the curvesigiv sub-bituminous coal and lignite, the last two having lowalodfic contents

(the values for theA F_)arameters) or by recalculating hew S€tSthan the first two. The limiting calorific value used to separthe two cate-

of parameters. In either cases, this approach provides -a cogories is of 16 500 k&g [13].

sistent and general framework for limiting all types of matu . 1GUlzi?]?rese_nt dissolved ?:] vlery Itt)wI concentratiotns ifn ‘;ea\{\r(]%_ppb,f
. rom )]), giving rise nevertneless 1o large amounts O gl the size O

resources in energy models. the terrestrial body of seawater. Water turnover due toeatsris very slow

however, making it highly speculative whether a signifigamttion of seawater

U can be recovered, and the costs involved are very high [85].
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Notes

1The 2r probability range correspond to ef@) = 95.45%, yielding 2.28%
as a probability of values occurring above or below the rangee values of
96% and 2% are used instead for convenience.

2Note that the use of uncertainty ranges in the cost-quartisi-flow plane
relaxes the constraints of using specific functional forsirgse it allows varia-
tions in the particular forms of the functional dependeneghkin the ranges.

3No error bars are present for the cost variables, since aertamty on
costs corresponds to an uncertainty on how to distributeggrguantities be-
tween existing cost ranges, which translates into an wmogytin the quantity
in each range.

4Thus, the most probable cost-supply curve is neither thenroethe me-
dian of the skewed distribution, it is the mode, or maximum.

5This is done in order to avoid inconsistencies where curadsutated in-
dependently, for instance by fitting data, could cross inescases.

Swhile larger turbines intercept a larger wind front, theg aiso spaced
further apart in two spatial directions. Thus, while the powroduction of
large wind farms scales with the square of the length of thedsd, it scales
inversely with the square of the distance between turbifié®se two fects
almost cancel each other out, except for the fact that talidrines intercept
higher wind speeds at higher altitudes.

“For details on IMAGE seé [89].

8Fellowset al. concludes with an estimate for 2020 of 14@Ewhile Grubb
and Meyer calculated a global potential of 191yH2§,|32].

9The variation originates from both assumed ranges in cgpéastors of
25-35% and turbine densities of 2.2 to 4 N2 [19,[30].

10Note that the average replenishment of the geothermal meerground
is several orders of magnitude inferior to the stock of heatently available:
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Supplementary Material

S.1. Introduction and use of the supplementary material

This part of the work aims to complement the main paper byigiog all details that could be required by researchersésted
in either:

o Verifying the methodology or reproducing the results
¢ Rebuilding this database for use in a particular model of@ngystems

A high amount of care was put into summarising compactlye#vant information in this part of the work in order to makést
possible. Mathematical details underlying the calcutaigiven in the main text are provided. Additionally, tabbdéslata and
parameters are given for a chosen set of world regions, whih not necessarily correspond to the particular divisised by
other research groups. It is however impractical to prolédger tables involving all countries of the world, evenubgb such
tables exist underlying this work (190 countries exist im database). For more information, the authors may be ctattat the
address provided.

Natural resource assessments are performed continucushylzat is known of global natural resources changes contisiy.
Therefore the cost-supply curves in this work may becomdatatl. This will happen due to three processes: firstly ttad to
amount of resources might change (paramé&)eisecondly the scaling of costs may change through infl{flanameteB) and
the costs of technology may reduce due to learning-by-d@agameteCy). However, the structure of the cost-supply curves, or
shape, will not change. These parameters should be simgllycsto new values and the results will still be valid.

S.2. Derivation of distribution functions and cost-supplycurves

S.2.1. Distribution function for the hierarchical type elources

Hierarchical resources have an exponential energy disioitoin productivity space:

AL
Seedv v>up

f(v)dv:{ 0 yep (6)

whereA is the technical potential and is the half width of the function. This function is requireddost space, and the equation

connecting cost to productivityv is

— Cvar
v

C

+ Co. (7)

whereC,,; corresponds to costs per unit df@t or per unit of resource producing items such as the retttefand (in $km?),
bore hole depth (8m), dam size and type, mine depth, etc. The rati€gf to v has units of §5J.Cy is the sum of fixed costs,
such as capital investments, transport or transformatstscetc, in £5J.

The density productivity interval must be transformed iatoost interval:

Cvar Cvar
- dc (8)

e GRS

dv, =>dv=-

Using the cost scaling parametk C,4 /0, the distribution becomes:

__B
_AB_a"tGdC C> Crixed

f(C)dC={ TCr 9
© { "0 C<GCo ©

S.2.2. Distribution function for nearly identical resoe

In the case of nearly identical resources, there is no caemeaxact analytical form that can be derived from[éq. 2 efrttain
paper. However, the form given in dq. 4 works extremely wélew compared to data (see secfion $.2.5), and can be dexwved f
eq.[2 through a simple approximation.

Nearly identical energy producing resources, such as léoid,pare assumed truly identical, and therefore have anfiate
situated at a single value of productivity= u,

n(v)dv = N&(v — u)dv, (20)
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wheren is a density of energy producing land area, wiNlés the total energy producing land area (in®rand the functiors(v)
is the Dirac delta functioB.Without any additional reductions in productivity, thegbamount of energy that can be obtained from
these land resources would be their area times the prodwctiv

A= j:c vN&(v — p)dv = N (112)

Unit land areas have a suitability factor, however, thatioed their productivity below the maximum valueudby a small amount
€ with a probabilityP. The probability for the reduction in productivity is asseainto be normally distributed around zero but
positivee, with standard deviation much smaller than the averageymtodty o << y:

2 7i
Plode={ Vo, € 7l Osesp (12)
0 otherwise

where the reduction in productiviggmust be less than the maximum vajueThe distribution of resources must be calculated by
summing over all reduction valuegyiven their probabilityP(e):

(o

n'(v)dv = fn(v)P(e)dvde = fﬂ \/ZZN e72;_226(v — i+ €)dvde. (13)
0

This is a convolution and can be seen as a sum of several Detia finctions centred at slightly reduced values of praidify,

u — €, with probability P(¢), instead of one Dirac Delta function centreduawith probability 1. The total amount of energy that
can be obtained from each plot of land corresponds to itstares its productivity. Thus, the productivity distribomi of energy
production potential leads to €d. 2 of the main paper:

2N ‘(Vz__gzd <
g(v)dv = v’ (v)dv = { mveo covsp (14)
V> u

This function is required in cost space, and the equationecting cost to productivity is

+ Ctixed, (15)

whereC,, corresponds to the rent of the land (jk®?), while Cyixeq iS the sum of fixed costs (i/$J). The productivity is situated
very near the value qgf, since the variations of productivity are small ané< u. v can be rewritten as a small variation aroynd
ie.u—A:

C C C A C
C= 2 4 Crea= 22 4 g~ 2 (1 + —) +Crixed = —5- (21 =) + Crixed, (16)
H=A 1-A/p H U
which is the crucial approximation, and usi@g = Cyar/ut + Ctixed,
2
v=(Co-C)=— +4, (17)

Cvar

whereCy is defined as the sum of fixed costs pllig/u, the total cost at the maximum productivity value. Sid€= —C,,/udy,
the density can be rewritten as

A ((C e Wi )e‘—(cégg)zdc c>C
g(C)dC = @B 0 Cuar H 0 . (18)
0 C<GC
where the cost scaling parameBeis defined a€,q,0-/2. This can be rewritten further as
2N Co (2
g(C)dC = mﬂ(Tz +1)e = dC C>Co (19)
0 C<(Cy

2The Dirac delta function is defined such tlﬁi é(x—-a)f(x)dx = f(a).
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The value ofC cannot be belovC, by definition, but also, the factor exp(C — Co)?/2B?] decreases rapidly to zero 8- Co
becomes larger thaB. Therefore, the value of the teri8{— C)/B is less than one wherever a significant potential of energpex
Sinceo is much smaller thap, this results with

7 (20)
U
and therefore the distribution becomes
oA _(cCp?
gCydc={ vz = dC C>Co (21)
0 C<G(Cy

where nowA = Ny is approximately the total energy potential.

This is the strict region of validity of the expression giviai of the paper. In numerical terms, it is empirically fouhdt the
rigidity of these rules can be relaxed and the validity edezh For example, the distribution in productivity space aetually have
a tail towards higher values or have a large valuesfpand this does not significantly alter the goodness of fit efftinction in
cost space.

S.2.3. Cost-supply curve expressions

From the distributiong (C)dC andg(C)dC, cumulative distributionsl(c) can be derived. For hierarchical resources, this results
in

NEC) = Ad %), (22)
while for nearly identical resources this is
(C-Co)
N(C) = Aerf[————=]|, (23)
V2B

where ‘erf’ is the error function.
The cost-supply curves are the inverse of these functionighwespectively give

C(N) = +Co (24)

and
C(N) = ViBinverf(%) +Co, (25)

where ‘inverf’ is the inverse error function.

S.2.4. Parameterisation formulas

In order to define a particular distribution or cost-suppiyve, the parametes B andCg are required, while the data available
usually involves the total technical potential of the raseland a fraction of this considered to exist at costs stlibetween two
values, as well as the current level of use of the resourcgurmg that two points of the curve are known, this may be esged
as two quantitie®); andQ, which occur at two cost valugs; andC,. These quantities can be expressed as fractions of the total
technical potentialj; andd., the latter corresponding to the parametein the case of the distribution for hierarchical resources
the values oB andCy are the following:

_ C2In62 — C]_'I"I(S]_

Co= INg, —Iné;  ~ (26)
B= —(C]_ — Co) |Og 01. (27)
In the case of nearly identical resources, this becomes
C,-C
S L S (28)
V2(inverfs; — inverfss,)
Co = V2Binverfs; + C; (29)
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S.2.5. Demonstrating the validity of the functional forrsgg IMAGE data

Examples of the use of the analytical forms of the distritmsiare presented in figure Sl4.1 for biomass, solar and wieidyg.
The data are taken from land use simulations performed UMAGSE by Hoogwijk et al, which provide the only sources of
cost-supply curves calculated outside of this project tittahot already use assumptions on the analytical form ofdseurce
distribution [18, 19, 22]. Since IMAGE simulates the usetw tand on each point of a global grid, and since these cqgihgu
curves were calculated by building histograms of the nurobgrid points with productivities situated within variotenges, their
form stems purely from the statistical nature of the dataesEhare thus appropriate for testing the functions giverebo

Non-linear least-squares fits were performed with bothydital forms for each data set. In every case, only one ofwfe t
functions given above is appropriate, while the other is Riis are moreover of exceptional quality. For instancedwyiesources
are the best example of resources of the hierarchicallyreddigype, which stems from the exponentially increasing Inemof
simultaneous factors required to produce ever higher mtddiies. The data is found to follow almost exactly thetdmution
for hierarchical resources (note that the deviation at loat alues stems from the aggregation of a region withfi@mint cost
structure into the region for Canada). Meanwhile, solaoueses represent the best example of nearly identical ressusince
in regions of similar irradiation, all sun-facing areas aggivalent. The data is found to follow closely the disttibn for nearly
identical resources. Biomass resources from abandonéaifigral land are nearly identical. This stems from theiEmature
of local areas of agricultural land (i.e. large plains, ag|ltsimilar irradiation, etc). Land plots with lower protiuity are used for
other activities. Rest land, however, is the category o lahich would not be used for agriculture, and can be of variwature,
but includes mainly savannah, shrubland and grasslan@ppet These can be ordered, and can be seen to follow thibutisin
for hierarchical resources.

S.3. Cost-supply curve calculation methodology per resoue type

S.3.1. Definition of world regions

Cost-supply curves were calculated in this work for everyiE3world regions from aggregations of data defined for 190
countries. However, the region definition in E3MG is verydfie and does not correspond closely to that of most othdvajlo
models, and tables provided here for E3MG regions would Herited use to the global modelling community. For accuracy
data for 190 countries would be required to be provided Hareis not possible for space considerations. For the coemea of
potential users, the results are provided in tables witHfiaitien of regions resembling that of other models such a8 @&, AIM,
etc. Any other aggregation of data, in table or curve form,lwa supplied by the authors upon request. Table]S.4.1 diedist of
regions used here with most countries that belong to them.

S.3.2. Wind and solar energy

Following the justification of sectidn S.2.5, wind resowseeere modelled using a distribution of hierarchical typaijlevsolar
resources were modelled using a distribution for neariptidal resources. In both cases simulations performed gk et
al. (wind energy), Hoogwijk (PhD thesis, wind, solar and biomesergy) and de Vriest al. (both) using IMAGE 2.2 were used,
published in the form of data tables featuring both tecHmiotentials and interpolations through cost supply cuatespecific cost
values for a list of 17 world regions [18,/19, 21]. These valuere used to find the distribution paramet#&r8 andCy for every
one of their regions. In the case of windlyalues were thus obtained without additional processinghé case of solaA values
were obtained from de Vriest al while B andC, values from Hoogwijki[18, 21]. In both caseB,andC, values were obtained
using equations 26 fo P9.

However, the regional aggregation in the aforementionedkwdoes not match exactly the one chosen in the current stdy (
the one used in E3MG), detailed in section S.3.1. In ordeibtain curves for this set of world regions, energy potestiedm
IMAGE 2.2 regions were disaggregated into 190 countried,sabsequently re-aggregated. This required additiosalnagtions
in particular cases wher& values were required to be divided between underlying c@fit In the case of wind energy, the
division of A values was done proportionally to the cube of the yearlyayed wind spe&j times the amount of land suitable in
each country for these energy production activities (the lrea times the suitability factor provided by Hoogvéjkal., assumed
the same for all countries member of a region) [91-93]. Indase of solar energy values were divided proportionally to the
insolation averaged over countries times the amount of saiitdble in each country [91,/93,/94]. Assuming an idenstape for
the cost supply curves (identical valuesBandCy) for every country within a particular IMAGE region, and ngiA values thus
divided, cost supply curves for the 190 countries were b@lven this set of curves, the re-aggregation of curvesnete world
regions was performed by summing the energy potential gatieach cost (i.e. a sum along the horizontal axis of thestgstly
curve, called a horizontal sum henceforth). These aggedgairves do not correspond anymore to pure distributiorgloér type,

SNote that this is mostly true for E3MG regions; the regionsdufor this paper are very similar to those used by Hoogeiijl. [19]
4wind energy scales with the cube of the average wind speedgae over time (see for instance![27]).
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but do not dffer significantly from pure forms in any of the regions chosartliis work. Thus, new values fé, B andCy for this
work’s regional definition were re-estimated using equwti@é td 2P, for the sake of simple presentation in this wovkiging
listing parameters for 190 countries, or providing aggtegarves defined on large numbers of cost data points). RHdiE 8lata
curves evaluated on 1000 cost data points are used dirBstt;a@

Cost values with which cost-supply curves were calculastdgiequations 26 o 29 were also obtained from Hoogeijkl.,
but were rescaled to 2008 prices|[18, 19]. This procedunselier, generates costs of energy production slightiigcént (wind)
or higher (solar) than recent estimates available from titerhational Energy Agency, due to small errors (wind) gn#icant
learning-by-doing cost reductions (solar) stemming framr®mies of scale with large expansion of electricity gatien capaci-
ties that occurred between 2004 and 2008 [48]. The curvestherefore recalibrated with a constafiset to match recent values.
The results are provided in taljle Sl4.3 for this work’s lisivorld regions.

S.3.3. Hydropower

Hydroelectric resources, highly site dependent, were itediesing the distribution for hierarchical resources.drbelectric
potentials and current annual electricity generationesluere obtained from the last available technical repdhefnternational
Journal on Hydropower and Dams (IJHD), while the costs wétained using an extensive study of 250 recent projects kg La
et al. from which statistics were derived [46, 47]. These statistiere performed for the countries studied in Lakal., and were
used as proxies for regions not studied in their work, or whey information on recent hydroelectric developments wasd.
Some countries do not have recently reported hydroelgutojects onto which to base cost values.

Recent developments have hardly followed an order of costeghey were scattered between 500 and 4000 20038D
In order to use a cost-supply curve, it can only be assumedduhae developments actually will approximately folloncast
order. Although only approximately true, this is reasomabince development costsll significantly increase when more and
more usable sites are depleted, irrespective of the phatiotder in which they were built, and onlyfficult or distant river basins
remain. This is important since the costs of hydroeledyriie currently not high in comparison to alternatives,thetresources
are limited, and therefore the development of hydroeleotsources must be limited through an increasing cost iretsad power
systems such as FTT:Power.

As can be seen in the current hydroelectricity generatida dampared to the data for hydroelectric potentials frorDJa
significant portion of the technical potential of every agis already developed [15,/46]. The cost values delimitirgtechnical
and economic potentials amongst remaining potential etdotric sites are not given by IJHD. Since the distributiboosts is not
symmetrical, the assumption was taken that the amount ofiress considered economical lies at costs between thislesiage
costu minus its standard deviatiaf) 4 — 6, and plus twice its standard deviatipr+ 25. This puts the upper cost limit to around
5000 2008USIKW. Thus, sites within the technical potential with costgha@r than this are considered currently uneconomical.
Given this definition, a cost-supply curve for each regios walculated. Parameters for each regional cost-suppheaure given
in table[S.4.B. The global cost-supply curve of figure 3 of ifen text is an aggregation (a horizontal sum) of these regio
curves.

S.3.4. Geothermal energy

Geothermal resources were divided into two groups, oaagiri either “in belt” or “out of belt” land areas, referring the so-
called volcanic belt. “In belt” areas are located in volcatly active zones with high geothermal gradients (temipeeagradients
with bore depth from the surface of the ground). Given théi@aar characteristics of geothermal active areas in seshtheir heat
storage and underground temperature variation, the éxtnaaf geothermal resources in those places are highhspieific, and
were therefore modelled using a hierarchical distributi@ut of belt” areas corresponds to the rest of the contalentsses, with
sites that are characterised by smaller geothermal griadiemd that are almost identical to one another within lgeyggraphical
areas. “Out of belt” resources were thus modelled usingtalalision for nearly identical resources. The ratio of “ialtj to “out
of belt” land area values were obtained from the 1978 reffahite@EPRI [56], enabling to divide reported technical peiss into
two A values for each distribution type. Geothermal resources wereover calculated for both hydrothermal and EGS drk roc
technologies, yielding four sets of parameters. Each s@gply curve in each region was obtained by aggregatingdoves.

Technical potentials for éierent world regions were obtained from Bertani [61]. Giviea tlfferences between their regional
aggregation and this work, the same methodology was usedr agirid and solar energy in order to disaggregate the rejiona
technical potentials between the same 190 countries. Tdpopion of the regional technical potentials assignedsanecountry
within a particular region was assumed to be proportion#tiéatotal amount of geothermal energy stored up to five kitoeseof
depth in each country [55].

Cost values for geothermal electricity production werestakrom the IEA [62]. It was assumed that 90% of the resources
‘in belt’ were situated within these ranges of costs. Howgekesources ‘out of belt’ follow the distribution for negibdentical

SExact analytical forms for cost-supply curves correspanthe inverse the cumulative distribution. When the cuniwgadlistribution involves the sum of
several distributions, an analytical form for the costgygurve does not exist.
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resources, but face higher costs due to lower geothermdiegnta and less productivity per unit investment. Since chditeonal
cost information was available in this regard, these resgsnvere assumed to lie in the upper half of the cost range QM{'&GZ!]@
Table[S.4b gives the parameters that can be used to regridtese cost-supply curves using both types of distribation

The lower boundary curve of the uncertainty range assumeshaical potential of 4 By based on dfering assumptions for
both technologies. In the case of hydrothermal technolagygnservative potential estimate of 70 GW (2yiEdvas derived by
limiting the calculation to well known sites that have beéneady characterised by direct involvement or informedgktions
[6Q,61]. Meanwhile, the limited amount of accumulated aigee with EGS technology creates uncertainties in théuatian
of the technical potential through variations in thfeaency of extraction [54], leading Bertani to estimate adodimit of 70 GW
(2 EJy) [61]. The upper boundary of the uncertainty range invelyet another set of assumptions for both hydrothermal ard EG
technologies. In the case of hydrothermal, according ta8$son, undiscovered or additional resources could ekigth would
be five to ten times higher than identified resources, inangabe potential to 1000-2000 GW (57 /&)[58]. In the case of EGS,
the technical potential is calculated by an extrapolatibresources in the United States to the global level usingptioportion
between the heat stored at depths of less than 10 km in thedJgitaited with the known EGS primary energy potential in #mees
region, estimated as<i.0° EJ of heat stored per 2.61 /&dof EGS primary energy potential [54]. Using the estimatid the heat
stored at depths less than 10 km on the global scale ot B0P3EJ [95], this estimation results in a global technical ptitemf
57 EJyr, yielding a total of 114 BY.

S.3.5. Bioenergy

Four bioenergy cost-supply curves are given in figure 3 ofrti@n text, for each of the SRES scenarios Al, A2, B1 and
B2, based on simulations performed using IMAGE 2.2 [18, Z]),(8ee [70] for information on SRES scenarios). The primary
biomass energy sources considered in the cost supply cuevebandoned agricultural land, rest land and bagasse gwher
first is the largest source in all scenarios. Following thaification of sectiofl S.215, abandoned agricultural lared wiodelled
using distributions for nearly identical resources, widst land was modelled using distributions for hierarchiesources. The
remaining type of primary biomass resources, bagasse (&t8ij contributes very small fractions of the total poial#, and its
technical potentials were simply added to the potenti@sifabandoned agricultural land and rest land, for evenoremi every
scenario. Cost values, however, are only given by Hoogetijial. for the total amount of biomass resources in each region, not
individually for abandoned agricultural and rest land [ZDherefore, the right distribution to use had to be deteemjiby deciding
which of the two represented best the data. This corresporfdsding thedominantdistribution. Therefore, the appropridige
of distribution was determined by visual inspection forteeegion. Potentials for abandoned agricultural land arenfost regions
much larger than those for rest land, and therefore mosvmegivere modelled using distributions for nearly identreslources.
These distributions were disaggregated into 190 counfodewing the methodology described in section S.3.2 portionally to
country land areas times their suitability factor. Tdblé.% provides values that can be used to parameterise biarasissupply
curves for the world regions used in this work, with the ajppiate type of distribution used indicated in the last catum

S.3.6. Ocean energy

Given the vast extent of oceans, the calculation of thezakfiotentials for ocean energy sources produces largesalsor
instance, using a global wind-wave model, Matkal. estimated a potential for wave energy between 2986 and 37i8 (4
to 117 Elyr), while Charlier and Justus estimated a global theaaiktidal power potential between 1000 and 3000 GWe (32 to
95 EJyr) using a capacity factor of 100% [75,/96]. In the case ofamcthermal energy, Pelc and Fujita estimated a theoretical
potential of approximately 10 TW (315 Bd) using a capacity factor of 100%, while for salinity grewi energy, Cavanag al
calculated a value of 2.6 TW (82 &) using a capacity factor of 100% [78,/97]. Using valuesiirthese particular studies, the
total theoretical potential for ocean energy would be ak BB and 609 Eyr. However, more reliable and conservative potentials
have also been evaluated, given below. These values arestrindmmparison. As indicated in the main text, cost-sugplyes
were calculated for wave and tidal systems only. For presemtin this work only, these two cost-supply curves wenmbmed
into a single one for ocean energy. Parameters for regiamsocost-supply curves are given in tdble $.4.3.

Wave Energy

In the case of wave energy, WEC estimated a maximum globgllialsle capacity of 2 TW by limiting developments to tech-
nically favourable locations near coastlines [34]. Usinig value, and assuming a single capacity factor value of, 3d%witt et
al. estimated a technical potential for wave energy of 2@EWwhile UNDP estimated a technical potential of 65yEdising the
same value but assuming a capacity factor of 100% insteadLE]1 Following a more conservative approach restricteshiore-
lines exceeding a power production of 30 kW/(resulting in around 2% of global coastlines), Siatsal estimated a technical
potential of 500 GW (6.3 By using a capacity factor of 40%) [[73]. It is clear howevertthsing single capacity factor values is

61n ‘out of belt’ areas, the same technologies are involvieteefor hydrothermal or EGS, as for ‘in belt’ areas. Howetkee resources are nearly identical over
large areas and of equally low quality in comparison to ‘itt'tz@eas. Significantly higher productivities are foundvimicanic areas.
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not appropriate. It is likely that, as it is the case for witttg cost variation of a wave energy cost-supply curve shsialch from
capacity factor variations which stem from the local qyatit the resource. Such data is however not currently avai@bit is for
wind resources. Capacity factor distributions are likelydllow roughly those of wind energy, which vary between 16l 85%,
since both resources are closely related (wind capacitprfatistributions were obtained by extracting the capafattor from
Hoogwijk et al. data [19]). The assumption was therefore taken in this waekwave energy resources are captured using a single
technology, with an investment cost given by ETSAP of 660@IKSV, with a capacity factor that varies between 35% (where the
resource quality is highest, and the cost of electricitydpiction is lowest per unit energy produced) to a low values8fl(below
which sites are not economically useable) [71]. Using a maxn global capacity of 2 TW, the cost-supply curves wereutated
with a hierarchical distribution, assuming that 90% of treve/resources are available at capacity factors withinghge 15-35%.
The disaggregation into 190 countries was performed acuptd the lengths of their respective coastlines, using flam the
Central Intelligence Agency (CIA) [93].

Tidal Energy

Accounting for most of the global installed capacity of ateaergy systems, tidal energy is the only technology thetéached
a commercial scale, with approximately 523 MW installechaténd of 2010.[98]. WEC made a rough estimation of the teahnic
potential of tidal energy of about 2000 TWh(7.2 EJy), 10% considered economical [34, 99, 100]. In a more dedastudy,
Hammons presented a global but non-exhaustive list of piatdidal sites that could be considered for developmeartiuding
projected installed capacities and approximate annupltsif74]. The total output from these sites would be of a6 TWhy
(1.4 EJy). Hammons furthermore extrapolated that the inclusioadsfitional sites around the world not studied specificailkis
work would result in a global technical potential for tidalezgy likely to range between 500 and 1000 TWH21.8 — 3.6 Ef)).
The cost-supply curve for tidal energy was calculated usirgange of cost values given in ETSAP of 5000 to 6500 &8D[71].
Existing capacity was assumed to have been built at costsvlibhat range, while the sites reviewed by Hammons (400 /iAVh
were assumed to be associated with costs within the ranjeq@ditional sites were assumed to have costs above therang

Ocean Thermal and Salinity

The state of development of ocean thermal and salinity gra@inergy technologies is currently experimental ancetbes large
uncertainties accompany calculations of associated gipengntials|[73]. Upper limits in the form of theoreticaltpatials have
been calculated. Nihous estimated a theoretical potdotiacean thermal energy of 2.7 TW (85/tJor 23 652 TWHyr), which
corresponds to the maximum amount of energy resourcesabét be extracted without disrupting significantly the tesrgiure
of the upper layers of the ocean in an steady state regimeg asbne-dimensional model of oceanic temperature gra|&€i.
Using a similar method, Charlier and Justus produced a nmmeezvative estimation for the theoretical potential 000 GWe
(32 EJyr), assuming a capacity factor of 100%.[75]. However, aditwy to von Arx, such a level of heat extraction would imply a
decrease in the ocean surface layer temperature of appatetin®®C [101]. In order to avoid such a decrease, Charlier and Sustu
recommend a reduced estimate based on 10 TW of usable hkatiseent rate, corresponding to 100 GWe (3.3/HTS].

In the case of Salinity Gradient, based on average disclargéow flow discharge values, Skramesto estimated thedtieak
potential in the range of 1600 - 1700 TWh(5.8 - 6.1 Ejyr) [77]. Using a global discharge rate of fresh water to sédg 500 kni
per year, Krewitiet al estimated a theoretical potential of 2000 TWh (7.2yBEJ value very similar to the estimate of Skramesto
[1€,[77].

S.3.7. Qil

Oil resources (Table_S.4.6) were considered in four typescofirrences, crude oil, oil shales, extra-heavy oil andailds
[13,115]. Cost information was obtained from the IEAI[80].€Tthata were aggregated into this work’s world regions. Fohége
of occurrence for each region, a hierarchical distributi@s parameterised by assuming that 1% of the resources kiaaet®n
cost below the lower bound, while 90% have a cost of extradielow the upper bound. The distributions were summed for
each region in order to calculate regional cost-supply esirand all distributions were summed in order to deterntiregtobal
cost-supply curves given in figulré 4 of the main text.

The curve for the lower boundary of the uncertainty range #@effned by assuming that only crude oil, extra-heavy oil and
oil sands reserves are available, and that the rest is eithesable or does not exist. The most probable cost-supphe cuvas
calculated assuming that crude oil, oil sands and extrayireszerves and resources are available, as well as oil sésdarces, but
no additional amounts. The curve for the upper boundaryefiticertainty range assumes that all reserves, resourtasiditional
amounts are available, and that an additional amount ohailes is discovered, evaluated at 50% of the current ressuithis
was done in order to compensate for the absence of speeutatources and lack of detailed information available foslwale
resources, which are likely to become larger if additiongdleration is carried out, and will occur if (but only if) ietest in olil
shales intensifid$.

“For instance, if strong decarbonisation policies are imgleted globally, oil shales are not likely to be explored miucther, since they currently involve large
processing costs and only small scale exploitation.
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S.3.8. Natural gas

Gas occurrences were considered in five forms, of which fogoaventional: conventional gas, shale gas, tight gasheda
methane and methane hydrates [11, 13| 81-83]. The assbcideranges were obtained from the ETSAR [84]. Of the uncon-
ventional forms, only shale gas has seen exploitation fatgam experimental. An additional source of methane exigléch is
thought very large, aquifer gas [11]. However, its potdit@ng very speculative, no reliable information over sastextraction
was found, and thus these were not considered in the preasegt Similarly, methane hydrates provide a very large seof natu-
ral gas, however, these resources occurring under thersdth@methods of extraction very experimental, the cosexploitation
are very large, and due to large amounts of shale gas awa#aldwer costs, it is unclear whether the world will see wsdale
exploitation of methane hydrates. All resources wereibisted into this work’s world regions, except for the metbaydrates, for
which it is not clear whether they are situated within teral waters or not, and thus were assigned to an interredtcategory.
Regional cost-supply curves were calculated with the saetaad as oil, and the global cost-supply curve is an aggegat all
regions.

The curve for the lower boundary of the uncertainty rangéuthes conventional gas reserves only. The most probabte cos
supply curve includes conventional, shale and tight gaarves, along with half the conventional, shale and tightrgasurces.

It moreover includes half of the coalbed methane reservies.clirve for the upper boundary of the uncertainty rangeides all
reserves and resources, including methane hydrates.

S.3.9. Coal

Although coal is a very common commodity and well known reseuinformation over its natural occurrences is not very
detailed. Coal information was available from two sour@&GE and WEC, and table S.4.8 was constructed using a mixfure o
both [13, 15]. Where information was inconsistent, thedam@mounts were kept (such inconsistencies were not freqoenery
large). Since BGR does not report coal resources in the @mglassification (proven, probable and possible reservesources)
for all countries, some elements of the table arelnil [13]isHituation is likely to be due to the large amounts of coalilable
with conventional mining techniques, and therefore moghefresources are considered reserves, and occurrentewir
productivity or higher costs are not reported. Coal formratioccur in dierent forms which have fierent calorific contents. For
similar mining and transport costs, the costs of coal in teofnenergy produced are higher for lower grade coals. Csalurees
were divided into two categories, hard coal, including eatfte and bituminous coal which posseses higher calodfitents of
between 16 500 and 35 000/kJand soft coal, including sub-bituminous coal and lignitéth calorific contents between about
11 000 and 16 500 KJ13]. Note that these classifications are not strictly wlefined in geological terms, and that coal occurrences
exist that have intermediate properties. This stems frdfergint geophysical processes taking place during the slowdfion of
these hydrocarbons.

The curves for the lower boundary of the uncertainty rangesft and hard coal include proven reserves only. The most
probable curves include proven and probable reserves, ahdftthe proven and probable resources. The curves for piperu
boundary of the uncertainty ranges include all proven, gbédand possible amounts for both reserves and resources.

S.3.10. Uranium

Information for uranium occurrences is available from aseyrof the IAEA [26], which compiles data provided by all meenb
countries. They are highly detailed with four classificai@nd four cost ranges, as seen in thble 5.4.9. As the anmiowaish row
of the table are cumulative (i.e. the data in one cell is igigki of the sum of the cells to the left), with the associatest ealues
they correspond to cumulative distributions. Assuming thay should follow hierarchical distributions, the asated cumulative
distribution may be fitted using a non-linear least squarethod. Although a fit of a function with three parameters doar data
points is hardly a reliable method to determine a best fit &itig level of certainty, it nevertheless produced the bestesuthat
could be interpolated between points, as was determinedbsg mspection of each fit. Note that additional data poivese be
defined in order to constrain the fits better, such as additiaiues at higher costs by repeating the last data posunasd equal
to the technical potential in the saturation region, an@#&)( The resulting fits were found to follow the data veryselly. Values
for military stocks of U are uncertain, since the informattbat is publicly available is scarce and incomplete, anceveenitted.
These are very small in comparison to natural stocks [26].

The curve for the lower boundary of the uncertainty rangéuithes only RAR (reasonably assured reserves) in all cogieian
The most probable curve includes RAR and inferred resefMes.curve for the upper boundary of the uncertainty range des
all four classifications of resources in all cost ranges. gpeculative resources in the unassigned cost range wenechated in
the non-linear fitting procedure, since their distributioto existing or higher cost ranges is ambiguous. They wereefore added
to the technical potential of the upper boundary of the uiad@y range. Finally, it was assumed that sea water U is éstiycand
uncertain to include in the present study. Given the largewarhof sea water on the planet, this resources is thoughtasye even
though the concentration of U in sea water is very low. Howedge to the very slow mixing process of sea water, it is raidieg
to consider the global body of sea water as a usable sourceas it/could be rapidly depleted locally, providing small@amts,
without access to the remaining resources situatedffahare [85].
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S.3.11. Thorium

Thorium (Th) deposits in the Earth’s crust around the wor&expected to be three times larger than those of U, as deeuim
from isotope lifetimes and the composition of the accretademial which formed the planet [85—-8]—|0wever, known resources
of Th are much smaller and less detailed than those of U, at&ituwhich is the result of the relatively small interesdtthas been
given to Th in comparison to U. Therefore, it is to be expethted Th resources increase in size significantly if at some fin
the future interest grows in Th based nuclear reactors.oitjh the Th nuclear fuel cycle has been demonstrated salezaties
ago, it has not been used commercially as it involves moegyshbzards related to radiation than the U fuel cycle|[8h, Blee Th
nuclear fuel cycle is morefcient than that of U and therefore, involves less mass of Tlupieof electricity produced. For similar
mining costs, Th resources are less expensive per unit ofjgrieowever, the processing of Th irt&U for fuel preparation has
not been performed at an industrial scale. Therefore, thevawiable in the Th cost-supply curve is highly uncertain.

Data for Th resources were obtained from the IAEA [26]. Thase provided with much less detail than for U, with four
uncertainty ranges but only one cost category. Consegu#rglstrategy of curve-fitting cannot be applied here, areddistribution
of the hierarchical type per uncertainty category per weelgion was parametrised in the same way as for fossil ressuithe
cost axis was transformed from a cost per unit of mass to apawsinit of energy using thefficiency of the Indian experimental
model reported by Sinha and Kakodkar of 210@t J8€]. The curve for the lower boundary of the uncertaintygaincludes RAR
only. The most probable curve includes RAR and inferredrvese The curve for the upper boundary of the uncertaintgean
includes all four categories.
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Figure S.4.1: Curve fits using non-linear least-squareh@two types of cumulative distribution with data from vaisostudies of renewable energy potentials
previously reported, calculated using the model IMAGE foejpced from|[18, 19, 22]). The goodness of these fits are d gudication for which type of
distribution represents best each type of resource. It taeroed that data for abandoned agricultural land is weltideed by the cumulative distribution for
nearly identical resourceto le f{), while the data for rest land is described by the cumulatis&ribution of the hierarchical typedp right). Data for wind energy

is well described by hierarchical resource distributibotfom le f}, while the data for solar energy is well described by a itistion for nearly identical resources
(bottom righ).
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I 1- USA I 11- Brazil
I 2- Canada 12- Rest America
I 3- EU-15 I 13- Africa
N 4- Rest-EU [ 14- Middle East
I 5- Russia
I 6- China
I 7- Japan
I 8- India
I ©- Rest Asia
I 10- Oceania
Region | Member countries
USA USA
Canada Canada
EU-15 Austria, Belgium, Danemark, Finland, France, GermanygeGegelreland, Italy, Luxemburg, Netherlands, Portugasisp
Sweden, United Kingdom
Rest Europe Albania, Belarus, Bosnia-Herzegovina, Bulgaria, Crqdigprus, Czech Rep., Estonia, Hungary, Iceland, Latvithuania,
Macedonia, Malta, Moldova, Montenegro, Norway, Polandnia, Serbia, Slovakia, Slovenia, Switzerland, Turkeyaihe
Russia Russia
China China
Japan Japan
India India
Rest Asia Afghanistan, Armenia, Azerbaijan, Bangladesh, BhutamnBr, Cambodia, Georgia, Hong Kong, Indonesia, Kazaklitarga,
Kyrghizstan, Laos, Malaysia, Mongolia, Myanmar, NepakiB@n, Philippines, Singapore, Taiwan, Tajikistan, Tdrad,
Turkmenistan, Uzbeksitan, Viet Nam
Oceania Australia, New Zealand, Papua New Guinea, pacific islands
Brazil Brazil
Rest America Mexico, Central America, South America excluding Brazil
Africa Africa
Middle East Barhain, Iran, Iraq, Israel, Jordan, Kuwait, Lebanon, OnRadestine, Qatar, Saudi Arabia, Syria, UAE, Yemen

Table S.4.1: Definition of world regions for this paper witlember countries for each.
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Renewable cost-supply curve parameters

Hydro Wind Solar

Hierarchical Hierarchical Nearly identical
Region A B G A B G A B G
Name PJy $MWh $MWh PJy $MWh $MWh PJy $MWh $MWh
USA 5746 198.40 1.40 75 600 30.19 145.53 262 800 350.03 620.44
Canada 4217 38.82 78.06 43 505 10.17 149.28 51571 1542.58 839.26
EU-15 3066 22.01 88.25 12 009 65.77 113.60 61471 817.28 616.21
R. Eur. 4283 54.13 38.85 32183 19.38 142.14 57 355 593.61 718.00
Russia 6 595 82.84 75.89 38774 65.10 129.73 384 448 428.97 611.15
China 11 502 26.37 35.65 6 057 175.01 161.04 175509 241.71 695.79
Japan 846 25.24 82.31 360 109.24 161.04 3600 185.69 840.10
India 2788 103.23 0.00 2018 109.62 208.49 120525 140.01 483.33
R. Asia 7227 160.05 0.00| 18 125 83.64 123.71 282 441 369.67 498.17
Oceania 779 71.64 0.00 50410 59.23 138.60 430421 141.75 521.29
Brazil 4738 18.45 12.00] 13248 23.33 127.38 113 386 310.45 527.52
R. Amer. 7414 127.92 0.00 22752 30.14 132.96 160 214 268.27 527.44
Africa 5767 69.16 64.42 23106 143.77 161.04 974 259 157.16 456.31
Mid. East 1094 304.10 0.00| 7 200 109.62 208.44 306 000 172.80 437.87
Total 66 061 345 348 3384 000

Table S.4.2: Table of cost-supply curve parameters for ezgibn for hydro, wind and solar power.

Renewable cost-supply curve parameters

Wave Tidal

Hierarchical Hierarchical
Region A B G A B G
Name PJy $MWh $MWh PJy $MWh $MWh
USA 496 32.46 199.44 145 89.18 303.33
Canada 5030 32.46 199.44 757 89.18 303.33
EU-15 1525 32.46 199.44 287 89.18 303.33
R. Eur. 2442 32.46 199.44 333 89.18 303.33
Russia 937 32.46 199.44 743 89.18 303.33
China 361 32.46 199.44 49 89.18 303.33
Japan 741 32.46 199.44 101 89.18 303.33
India 174 32.46 199.44 89 89.18 303.33
R. Asia 2843 32.46 199.44 396 89.18 303.33
Oceania 1536 32.46 199.44 238 89.18 303.33
Brazil 186 32.46 199.44 25 89.18 303.33
R. Amer. 1303 32.46 199.44 253 89.18 303.33
Africa 1027 32.46 199.44 140 89.18 303.33
Mid. East 309 32.46 199.44 42 89.18 303.33
Total 18910 3600

Table S.4.3: Table of cost-supply curve parameters for ezgibn for wave and tidal energy.
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Primary biomass cost-supply curve parameters

Al A2
Region A B G Type A B (07 Type
Name Py $MWh $MWh Py $MWh $MWh
USA 53082 3.93 3.60 2 33082 6.42 3.10 2
Canada 18 000 1.64 3.60 2 12 000 1.50 3.60 2
EU-15 11 305 1.62 6.15 2| 11 305 0.93 6.18 2
Rest Europe 11 855 0.43 6.28 2 10 781 1.45 3.44 2
Russia 126 017 1.73 3.60 2 67474 1.96 3.16 2
China 107 100 11.26 5.04 1 23 322 9.92 7.20 2
Japan 115 0.69 7.20 2 44 9.98 14.40 2
India 25890 3.37 3.00 2| 13756 2.32 2.86 2
Rest Asia 12921 0.91 3.48 2| 8 605 0.35 3.52 2
Oceania 55625 2.01 3.14 2| 34 477 3.31 2.52 2
Brazil 77751 1.33 6.54 2 22070 5.12 3.81 2
Rest America 27 629 2.06 5.45 2| 7 310 3.58 3.44 2
Africa 139 246 4.32 1.68 2 53 240 6.78 -0.86 2
Middle East 13011 25.38 6.96 1 8011 13.08 7.20 2
Total 679548 305 477
B1 B2
Region A B G Type A B (3} Type
Name PJy $MWh $MWh PJy $MWh $MWh
USA 36 082 0.85 5.00 2 49 082 2.07 3.60 2
Canada 14 000 0.84 3.60 2| 13 000 0.94 3.60 2
EU-15 7268 3.29 5.93 1 12921 4.77 4.48 1
Rest Europe 9844 2.42 3.59 1 12178 0.45 5.70 2
Russia 87 319 0.99 3.60 2| 77 396 0.94 3.60 2
China 77179 1.57 3.60 2 46 261 551 7.20 2
Japan 115 0.69 7.20 2 225 0.69 7.20 2
India 13756 3.35 2.92 2| 6 289 5.24 3.60 2
Rest Asia 5075 0.72 3.49 2 5349 1.80 3.85 2
Oceania 35279 0.96 2.81 2| 30 329 0.87 3.09 2
Brazil 56 539 4.76 4.44 1 38863 2.29 6.03 2
Rest America 18 841 3.86 3.00 2| 10517 12.20 3.60 1
Africa 81 240 3.36 2.50 2 15 237 4.47 117 2
Middle East 4011 4.99 7.20 2 3011 5.49 7.20 2
Total 446 548 320 658
Table S.4.4: Table of cost-supply curve parameters for gmprimary energy resources for four SRES scenarios AIBA2nd B2.
Geothermal energy cost-supply curve parameters

Direct Use Electricity

In belt Out of belt In belt Out of belt

Hierarchical Nearly identical Hierarchical Nearly identical
Region A B (05) A B G A B G A B G
Name PJy $MWh $MWh PJy $MWh $MWh Py $MWh $MWh Py $MWh $MWh
USA 74 7.22 94.34 138 81.44 118.44 1361 20.62 14499 2528 63.62 255.71
Canada 9 7.22 94.34 83 81.44 118.44 253 20.62 144.96) 2280 63.62 255.71
EU-15 1 7.22 94.34 89 81.44 118.44 14 20.62 144.96| 1458 63.62 255.71
R. Eur. 12 7.22 94.34 27 81.44 118.44 123 20.62 144.96 524 63.62 255.71
Russia 9 7.22 94.34 177 81.44 118.44 275 20.62 144960 5226 63.62 255.71
China 44 7.22 94.34 103 81.44 118.44 809 20.62 144.96) 1887 63.62 255.71
Japan 15 7.22 94.34 0 81.44 118.44 144 20.62 144.96| 0 63.62 255.71
India 2 7.22 94.34 37 81.44 118.44 39 20.62 144.96 743 63.62 255.71
R. Asia 115 7.22 94.34 90 81.44 118.44 1498 20.62 14496 1482 63.62 255.71
Oceania 20 7.22 94.34 80 81.44 118.44 222 20.62 144.96| 1647 63.62 255.71
Brazil 5 7.22 94.34 96 81.44 118.44 102 20.62 144.96) 1942 63.62 255.71
R. Amer. 143 7.22 94.34 91 81.44 118.44f 2030 20.62 144.9¢ 1552 63.62 255.71
Africa 54 7.22 94.34 210 81.44 118.44 761 20.62 144.96) 4179 63.62 255.71
Mid East. 11 7.22 94.34 49 81.44 118.44 188 20.62 144.96| 901 63.62 255.71
Total 514 1269 7818 26 349

Table S.4.5: Table of cost-supply parameters for geothlezmexgy, for both direct use of heat and electricity prouturct
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Qil Mtoe
Crude Oil Oil Shales Oil Sands Extra Heavy Oil
Region [13] [15] [15] [15]
Name Reserves Resources Resources| Reserves Resources Additiongl Reserves Resources Additional
USA 3863 10 000 536 931 0 5429 2388 3 379 4
Canada 667 2400 2192 24909 227 189 355 82§ 0 0 0
EU-15 1193 1545 13 248 31 276 0 24 1928 0
Rest Europe 1155 3530 4411 0 1 0 5 51 0
Russia 10 436 16 400 35470 4147 39034 7 505 1 25 0
China 2018 2300 47 600 0 233 0 110 1168 0
Japan 6 10 0 0 0 0 0 0 0
India 792 400 0 0 0 0 0 0 0
Rest Asia 9218 10535 3988 6203 55945 0 18 1163 0
Oceania 595 1100 4534 0 0 0 0 0 0
Brazil 2450 5000 11734 0 0 0 0 0 0
Rest America 8 996 9588 60 0 136 0 8476 270 637 27704
Africa 17 277 15485 23317 263 2364 6778 7 66 0
Middle East 102 366 21170 5792 0 0 0 0 0 0
Total 161 031 99 463 689 277 35552 330607 372 50( 8 644 275 416 27 707
Costs USD2008boe [80]
Crude Oil Oil Shales Oil Sands L Extra Heavy Oil
Reserves Resources Resources| Reserves Resources Additional Reserves Resources Additional
Upper 10 10 50 40 40 40 10 40 10
Lower 40 100 100 50 70 70 50 70 70
Table S.4.6: Oil resources by world region in units of Mtoéll{an tonnes of oil).
Gas 10m?3
Conv. gas Shale gas Tight gas Coalbed Methane Methane Hydrates
Region [13] [81] [13] [82] [83]
Name Reserves Resources Reserves Resources Reserves Resources Reserves Resources Reserves Resources
USA 7 080 20 000 17 000 45 600 1000 210 000 9700 2000 0 0
Canada 1754 7 000 10988 42198 0 7 000 5700 70 800 0 0
EU-15 2338 2530 7024 28 547 0 7 000 2802 0 0 0
R. Eur. 3889 7510 9374 39734 0 0 1908 0 0 0
Russia 47 578 105 000 538 2152 0 45 000 17 000 96 300 0 0
China 2455 10 000 36 109 144 463 0 9 000 30 000 5100 0 0
Japan 21 5 0 0 0 0 0 0 0 0
India 1115 900 1784 8213 0 1000 800 0 0 0
Rest Asia 23951 22 805 1444 5834 0 0 1100 0 0 0
Oceania 3553 2 450 11215 39111 0 1000 8 500 5700 0 0
Brazil 365 2000 7533 25 658 0 6 000 0 0 0 0
R. Amer. 7704 8 858 47 579 170 745 0 0 0 0 0 0
Africa 14 753 16 155 29 482 112 206 0 0 800 0 0 0
Mid. East 75 358 35370 0 0 0 0 0 0 0 0
International 0 0 0 0 0 38 000 0 0 300 000 300 000
Total 191914 240 583, 180 070 10748 62 1000 324 000 78 310 179 900 300 000 300 000
Costs USD2008 GJ [84]
Conv. gas Shale gas Tight gas Coalbed Methane Methane Hydrates
Reserves Resources Reserves Resources Reserves Resources Reserves Resources Reserves Resources
Upper 0.5 0.5 3.8 3.8 2.6 2.6 3.8 3.8 4.4 4.4
Lower 5.7 5.7 8.6 8.6 7.6 7.6 7.6 7.6 8.6 8.6

Table S.4.7: Natural gas resources by world region in uri@ro® (billion cube meters).
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Coal Mt
Hard coal
Reserves Resources
Region Proven Probable Possiblg Proven Probable Possible
Name [15] [13] [15] [13]
USA 226 694 0 0 6 691 942 0 0
Canada 4 346 0 0 187 606 0 0
EU-15 84721 0 0 278 420 0 0
Rest Europe 24 534 752 1862 254 658 7 428 11 422
Russia 68 655 0 0 2730810 0 0
China 180 600 0 0 681 600 0 0
Japan 340 0 0 4 603 1988 7375
India 56 100 0 0 105 820 123 470 37920
Rest Asia 54 678 0 0 289 048 0 0
Oceania 44 627 0 0 1620675 0 0
Brazil 1547 0 0 6212 0 0
Rest America 9960 4572 4237 20 496 0 0
Africa 32 546 0 0 58 150 0 0
Middle East 1203 0 0 41 203 0 0
Total 790 551 5324 6 099 12 971 243 132 886 56 717
Soft coal
Reserves Resources
Region Proven Probable Possiblg Proven Probable Possible
Name [15] [13] [15] [13]
USA 30851 0 0 1398 669 0 0
Canada 3108 0 0 17 371 40 055 108 995
EU-15 44 214 0 0 89 158 0 0
Rest Europe 40 456 1996 3124 275185 14 961 11581
Russia 91 350 0 0 1371030 0 0
China 52 300 0 0 318 000 0 0
Japan 10 0 0 160 1132 4074
India 4895 0 0 38 647 0 0
Rest Asia 30762 7086 34070 387 263 11871 57 198
Oceania 37738 62 840 101 100 46 973 73 102 112 300
Brazil 4 559 7 559 4575 6513 10 799 6535
Rest America 5633 527 790 7524 0 0
Africa 180 0 0 338 0 0
Middle East 0 0 0 0 0 0
Total 346 056 80 008 143 659 3956 831 151 920 300 683
Costs USD2008t [80]
Reserves Resources
Proven Probable Possiblg Proven Probable Possible
20 20 20 20 20 20
50 50 50 100 100 100

Table S.4.8: Coal resources by world region in units of Mtlijori tonnes of coal). Hard coal includes anthracite andrhihous coal, while soft coal includes
sub-bituminous coal and lignite. Since there is no clearateation between ranks of coal, the limit is put onto the rifidocontent, and thus coal resources with a
calorific content higher than 16 50Qtpelong to the hard coal category (as defined_ in [13]), wiolel cesources with a lower calorific content belong to soéil.co

Anthracite can have calorific contents of up to 35 00@ wile lignite can have calorific values as low as 11 00@.kJ
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Uranium t [26]
Region Reasonably Assured Reserves (RAR) Inferred
Name <40%kg <80%kg <130%kg <260%kg <40%kg <80%kg <130%kg <260%kg
USA 0 39000 207 400 47210 0 19 500 103 700 236 050
Canada 267 100 336 800 361 100 387 400 99 700 110 600 124 200 157 200
EU-15 0 7000 20800 33800 0 0 13500 110 400
Rest Europe 2500 39100 88 500 160 00D 3200 15000 43 850 109 850
Russia 0 100 400 181 400 181 40 0 57 700 298 900 384 900
China 52 000 100 900 115 900 115900 15 400 49 100 55 500 55 500
Japan 0 0 6 600 6 600 0 0 3300 3300
India 0 0 55200 55 200 0 0 23900 24900
Rest Asia 14 600 326 600 454 500 533 500 29800 276 800 366 000 474900
Oceania 0 1163 000 1176 000 1179 00D 0 449 000 497 000 500 000
Brazil 139 900 157 700 157 700 157 700 0 73600 121 000 121 000
Rest America 0 7000 11 700 13800 0 4400 10 100 11 300
Africa 93 800 194 600 644 100 663 400 78 500 121 800 260 000 286 300
Middle East 0 44 000 44 000 44 700 0 67 800 67 800 69 200
Total 569 900 2516 100 3524 900 4004 500 226 600 1245 300 1989 750 2544 800
Region Prognosticated Speculative
Name <80%kg <130%kg <260%kg <130%kg <260%kg Unassigned
USA 819 500 1169 300 1036 950 858 000 858 000 482 000
Canada 50 000 150 000 150 00( 700 000 700 000 0
EU-15 7 000 7 600 7 600 50 100 50 100 94 000
Rest Europe 200 41 650 66 650 6 650 126 650 314 000
Russia 0 182 000 182 000 0 0 633 000
China 3600 3600 3600 4100 4100 0
Japan 0 3300 3300 3300 3300 0
India 0 0 63 600 0 0 17 000
Rest Asia 377 900 591 400 592 90 1776 600 1806 100 264 700
Oceania 300 000 300 000 300 00 0 0 500 000
Brazil 73600 121 000 121 00( 121 000 121 000 0
Rest America 6 600 23500 23500 236 700 236 700 176 200
Africa 49 400 156 900 156 90( 25000 25500 1112900
Middle East 67 800 89 000 89 000 84 800 98 800 0
Total 1755 600 2839 250 2797 00D 3866 250 4029 750 3593 800

Table S.4.9: Uranium resources (in natural concentratignyorld region in units of tonnes.

Thorium t [26]
Region RAR Inferred Indentified Prognosticated
Name <80 USDkg < 80 USDkg <80 USDkg N/A
USA 122 000 278 000 400 000 274 000
Canada 0 44 000 44 000 128 000
EU-15 0 0 0 0
Rest Europe 54 000 213 000 186 000 164 000
Russia 75 000 112 500 75 000 0
China 0 0 0 0
Japan 0 0 0 0
India 319 000 478 500 319 000 0
Rest Asia 0 0 0 0
Oceania 46 000 406 000 452 000 0
Brazil 172 000 130 000 302 000 330 000
Rest America 0 300 000 300 000 0
Africa 18 000 127 000 118 000 410 000
Middle East 0 0 0 0
Unassigned 23 000 10 000 33000 81 000
Total 829 000 2099 000 2229 000 1387 000

Costs USD2008kg

RAR Inferred Indentified Prognosticated

Lower 40 40 40 80
Upper 80 80 80 260

Table S.4.10: Thorium resources (in natural concentratigrworld region in units of tonnes.
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