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Abstractq Using the mathematical formalism of the Brazilian Proposal to the IPCC, we analyse eight
power technologies with regard to their past and potential future contributions to global warming.
Taking into account detailed bottomp technology characteristics evdefine the mitigation
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reference scenario and an alternative laarbon scenario. Historittg (19062006), hydro, nuclear,

and gadfired power have achieved the largest mitigation, at 0.03°C, 0.02°C, and 0.015°C avoided by
2100, respectively. This ranking is partly due to the magnitudes at which these technologies are
deployed, but in part alsdue to their deployment histories. Similarly, potential future (21%0)
contributions are influenag by the magnitude of future capacity as well as temporal deployment
profiles. A general conclusion is that early technology deployment matters, at \#sh a period

of 50-100 years. Our results conclusively show that avoided temperature increase is a better proxy
for comparing technologies with regard to their impact on climate change, and that comparisons
based on annual or even cumulative emissiomsy be misleading. Thus, our results suppamt

extend the policy relevance of the Brazilian Proposal in the sense that not only comparisons
between countries, but also comparisons between technologies should be undertaken on the basis
of avoided temperatre increase rather than on the basis of annual emissions as is practice today.

Keywords: Brazilian Proposal, electricity generation, future scenario, greenhouse gas emissions,
mitigation potential



1 Introduction

Most studies orgreenhouse gas (GH@jtigation potentials of technologies or policiapproach the

subjectin terms of cumulative emissions, or even future annual emisgifmmexampleEdmondset

al. 2004; Riahket al. 2005. However, the ultimate purpose of leearbon technologies is not the

abatement of emissios itself, but the avoidance of damages expected from climate change.
Between emissions and damages, there is a causal chdactofs such as GHG concentrations in

the atmosphereradiative forcing, global warming, and sea level rise, amongst otherherFutown

this causal chafn quantities become successively better proxies for damages from climate change

(Udo de Haest al. 1999, howeverthey also become more uncertaibhgnzen 2006 This iswell
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generation Krewitt 2003.

This recognition has led the Brazilian Government to propose a melbgyldhat measures the
responsibility of countries for abatinGHGemissions in terms of global warming rather than
(cumulative)GHGemissions Federative Republic of Brazil 199 essence, because ibie long

term lags between emissions and warming effects, this methodology takes into account historical
emissions, and hence penalises developed countries with a long and significant emissions history,
but favours developing countries that have only reitgstarted to increaseheir GHGemissionsas

a consequence of their development trajectory

In order to allocate global warming contributions to countries, one has to formulate an
approximation of carbon cycle and climate modelbere the temperature iorease34 0 at a time
t is an additive function of distin¢historicalor future)S YA a 48 A 2 y & Od LI NOSft a ¢

34rR O R OO 34rR OO 34r OMD. (1)

Whilst the Brazilian Government had primaylistinction between countries in mind, the idea of
this work is to use the above mathematical formulation of RevisedBrazilian ProposgRBPMeira

and Miguez 2000to distinguishenergytechnologies with regard to their pasind potential future
contributions to global warmingrhe remainder of this paper proceeds as follows: The next Section
will introduce the methodology of the RBP, the scenarios that we apply the RBP to, aedjlour
technology case studieg various eletricity generation technologies, and carbon capture and
storage We define a reference scenario and a foarbon scenario involving all eight technologies,
FYR GKNRdAK (KSasS (62 aoOSyl NRA WaplagedartRiBaf emphasis2 dzNJ W)
on our data sources and the calibration of the RBP climate model. Sectionaénsotitemitigation
potentialsfor all eight technologiesbroken down into historical (1962006) andpotential future
(20092100) contributions.We undertake several analysés demonstrate the sensitivity of our
model. Section 4 discusst® results foundand concludes.
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distance of measured and reported quantities to the question asBadget al. 2000; Hertwich and Hammitt
2001; Heijungset al.2003).



2 Methodology

We follow the RBP in decomposing global temperature incredsé at a timet into contributions
08 KA&AUOl2NRAROIt -SOABha kdcylds prackddN $hfed stegeom historical
emissions 0 aeof gasegy to their atmospheric concentratiors  oxeabove preindustrial levels,
then to mean radiativeforcings 30 &, and then to contributions3"Y deeto temperature
increasegseeMeira and Miguez 2000

YO -, 1 . - e® Q0 Q&aB —0Q Q& )

where

- - Oeeare emissions of gagavoided by a certain technology in the past, or under a certain
future scenario

- "Qis ther™ of Rfractions of gagy decaying in the atmosphere with characteristic tire
normalised througlB  "Q  p;

- T is the abovepre-industrial atmospheric concentration of ggger unit annual emission
of that gas

- the term in the round brackets the atmospheric concentratiog’  0eg

-, is the change in mean radiative forcing by gaser unit atmospheric concentration of
that gas

- the term in the square bracketstise mean radiative forcingd oeg

- ais the 8" of S fractions of radiative forcing that adjustwith characteristic timet
normalised througl8 a  p;and

- Cis the heat capacity of the climate system.

Meira and Miguez 200point out that Equation 2gnores nodinearities in the warming response to
emissions due to saturation of carbon fertilisation and ocean surface uptake (mé@niisga
function oftQQU X | YR RdzS (2 faicingsgusidnidgh 2s\a futidn okt Rl A S
their review of the RBAENting 1998 nd Den Elzeret al. 1999 note that the calculus only considers
oceanic but not terrestrial carbon dynamics, and that the atmospheric lifetimesdfGsare
concentrationdependent. In response to these criticismRpsa et al. 2008how that theomission

of terrestrial processes in the RBP hadyam small effect on modelle@Q concentrations, and that
considering nodinear effects reduces contributiormth from Annexl as well as Annelt countries,

and that the balance of effects on absolute and relative contributionslaivelysmall, and as such,

does not alter the main conclusions from the RBP calclas Elzen 2002; Hohne 2002

This work focuses on the contribution of electriegfgnerating technologies to temperature
increases. Assume that theHGemissions resulting frorthe deployment otechnology®ver time

are- j Geea¥hen, the temperature increase attim@ | G G NAodzil 6t S (2 (GKS dzaS
the period [o, tQis calculatedusingEquation 2put with technologyspecific emissionsj, Gepand

with the two lower integral bound of ¢b set tot,. However, most current assessments characterise



technology scenarios in terms thfeir mitigation potentialswith respect to a reference scenarfor
exampleEdmondset al. 2004; Riahet al. 2005. Assume that in this reference scenario, technology
specific enissions are , Geadhen, the mitigation potential 0 of technology@t timetQ | y R
gAGK NBaLISOG (G2 NBFSNBYOS a0SylFINR2 WNBFQ Aa
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2.1 Case studies

We investigate eight technologies. Seven of these are electgeiterating technologies: hydro,
nuclear, wind, photovoltai¢PV) concentrating sola{CSP) geothermal and biomass p@r. The
remaining technology is carbon capture and storéG€S)This selection is fairly representatioé
technologies that aréncreasingly being consideraahportant in terms of their potential capacity to
contribute to alower-carbon world economyCurrently, only nuclear and hydropower generate
significant lowcarbon portiors of global electricity

For each technology, we calculate one historical mitigation potedtial ; ceewith to =1900 and

t(r 2006 where we contrastthe historical deploymentof this technologywith a hypothetical
A0Syl NA2 WO shistbrically gdngrategiéctriGititwolild hiave beerproducedusing coal
fired power plants

To calculatefuture mitigation potentia$, we usetwo prominent IPCC SBREcenariosh(l {1 A 6 Sy 2 @A 6
and Swart 2000 We model future evolution of technologgleployment to be consistent with SRES
storyline Bf, and then contrast this with SRES storyliné @2 reference scenaridlhe baseline

results of this future scenarioare time-dependent mitigation potentiad 0 with to=2009 and

t® [2010, 2100]

We calculate emissions; 0 in a bottomup assessment of each technology as

-6 00 -p 6 006 YXEDO -5 O -y O (4)

®This hypothetical scenario is in fact an upper limit for the historical mitigation potential of each technology
here considered.

®The B1 futurds characterised bg high level of environmental and socévarenessand a globally cberent
approach to sustainable development. Technological chaargkresource efficiencylay an important role.
Incentive systemsind strong international institutiongpermit the rapid diffusion of cleaner technologhs a
consequence, B1 is a lewarbonemission scenario.

*The A2 scenario represents a differentiated weorktbnsolidated into distinct, settliant regions, and
characteried by relatively low trade flows, slow capital stock turnovend slow technological change
Economic, social, and dukal interactions between regions aneeak, eonomic growth is uneven and the
income gap between novindustrialied and developing parts of the world does not narr@d\g.a consequence,
A2 is a higktarbon emission scenario.
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‘O 0 isthe annual electricity generated,

- —y 0 are the emissions dBHGg per unit of electricitygenerated

0 O isthe nameplate capacity installed,

- _ 0 isthe average capacity factor,

- —; 0 are the onsite emissions 0BHGg per unit of electricitygenerated and

- — 0 are the indirect (offsite, embodied life-cycle) emissions ofGHGg per unit of
electricitygenerated

Note that wedo notmodel the time lags between indirect emissions and direct emissletsause
thesetime lags are in the order ahagnitude ofthe construction phase of powerantts (<10 years),
which is much shorter than the atmospheric lifetimeQf® (which is in the aler of centuries). Also,

we do not model the temporal profile of indirect emissign®.we do not distinguish betweethe

pulses of emissions occurring during plant construction and decommissioning, and the tails of
emissions occurring during operatioand maintenance. This ,isonce again because these
FtdzOldzr GA2ya 200dz2NJ RdzNAYy 3 GKS O2YLI NI GA@Ste aK2
they are evened out through the overlap of successive plant generations. Further, some
technologies such as CCSand geothermal powerfeature a significant part otheir indirect
emissions throughoutheir operation phases.We made an exception for hydropower, where we
modelled emissions from dams with exponential functiais/ years halfife (Rosa and Schaeffer
1995 parametrised on the basis of reservoir measnemts Pos Santogt al. 2006). The rationale

for making this exception is the fact that these emissions e large partin the form of CH a

GHG with a relatively high Global Warming Potential (GWiPWith a short atmospheridifetime

(10-14 yearsjPCC 2007

Amongst he input parameters?, /,— and-— , the installed capacity’ undergoes by far the
most significant changes over a periofda century In this work the effects of technological change
and economies of scalen/,— and—  were parametrised as linear functions in time, according
to
_0 _0 _ 0 _0 —,. (5a)
-5 0 -5 0 - O -5 0 — (5b)

In addition to changes in technologtgelf, ndirect emissions intensities; 0 depend on the
overallenergy mix of the economies in which the components for power plants are manufactured
(Lenzen and Wachsmann 2Q04Therefore, as the global energy mix is decarbonised, these
intensities decreasdn order tocapture this effect, we included in the iterative calculatiorfugfire

intensities— ;0 ascaling with the ratio of the carbon intensitief electricity mixes in yedg-1
andtg:



-5 O -5 O -5 e - 06 — ——. (6)

For some technologies, indire@GHG emissiondo not only resultfrom plant manufacture, butn
part from natural processes such as biomass decay in hydro reservoirs, or increased ve@ing of
from geothermal reservoirs.In these cases, the decrease in future indir€diGemissions shall
reflect a less carbointensive background economgs well as improved technological means to
capture natural emissionD{Pippo 2008a; Limat al. 2008. We model futureinstalled capacity?
usingtime-dependentgrowth ratesr:

6o 0o p io . @

Growth rates are modelle®n an annual basigjsing a geometric progressiaitf) = g(té-1).
Growth evolves starting at historical valuesd andi 0 , and the parametepis chosenin order
to realise assumed future outcoragso thatd Geeaed assumes a certaitarget capacityd ¢ee In
summary, a complete emissions scenarip 0 for any power technologifds defined by a set of

parameters0 0 h o0 BT O ¢ 0 h G-, 0 h-; G-y O h-p Cee.

We modelthe reference scenarios in the same way as in Equation 4¢tmrtacterising onlyotal
generationO 0 andaverageemissionsoefficients—

- 0 e O O OG- 0 - o . (8)

Finally, weundertake several sensitivity analysesby varyingthe fractions'Q andda, and their
corresponding charactettis timest andt , and by varyingsHGemissions coefficients.

2.2 Data sources

Our sources of datare summarised ihenzen and Badcock 200®ppendix 1 gives aabbreviated
overview.

® A geometric progression pralés for a smoother transition of growth rates, but an arithmetic progression
yields a smoother transition of deployment. On a cumulative basis, an arithmetic progression of growth rates
leads to a slightly higher electricity production.



3 Results

3.1 Historical mitigation potentials
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Fig. 1: Historical trends in electricity generation.

Historical electricity generation dat@Fig. 2 can be converted into historical emissions from the
power sector(Fig. 3 by applying Equation ,4supported by historical emissions coefficierfts
Emissions in 2006 amounted to 11.4@3, which correspons with data given itEA 2008¢c
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Fig. 2 Historical trends it€Q emissionsannual (left) and cumulative (right)

Applying Equation 8 the historicalavoidedemissionsi LJdzi- § § ¢ - ¢ee@alculated from

the emissions profiles in FigyRldsmitigation potentias - i 0 in Fig. 3The vertical axis shows

the negative contributions of the various conventional power technologies to global temperature
increase or in other wordsavoided temperature increas@hese contributions are with respect to a
hypothetical past where all electricity would have been generated using coal. As a result, coal does
not exhibit any mitigation potential.

The avoided emissions |s@ occurs between 1900 and 2006, and drivesharpincrease of the
avoided temperature increase until 2006. After this, avoided emissions ceask,avoided
temperature increasedeclines according to the weighted response functions as in theegral
cakulus in Equation .3Due to the additivity property of the RBP formulation (Equation 1), the
contributions of the technologies can be added to yield a tBtal ; ¢ 1 T qf aboutc0.1°C.Past
usage of lowcarbon technologies such as nuclear and hydropower, but also fuel switching to natural
gas has a clear mitigation effect far beyond the deployment period of the technologies, amounting
to 0.06°C avoided temperature increase in 2100.
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Hg. 3 Historical mitigation potential ~ 68 carried forward to 2100.

3.2 Future mitigation potentials

Using the various constraints described Appendix 1 and prescribing total electricity demand
according to the SRES B1 scendrid (| A 6 Sy 2 @A 6 )layeBhndlogylséebariorcansberfitted

G Ay (i 2RES BXK(& 3. 8ince thisvork is aimed at demonstrating the translation from emissions

to temperature increase, and not at investigating the SRES scenarios, we did not attempt at exactly

reproducethe Bl scenario (inset in Fig), dut ratherincorporatedrecert developmentssuch as

strong renewables greth. As aresultNB y' S ¢ | 6 {25FaF é¢a (V2N NI LA Rf @

and 2050(exceptgeothermal at 207Q)but fossHfuel power catches up around Z0 due to strong

demand growth

SaLISOA
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Fig. 4 Future electricity generation scenario modelled according to the constraints described in
Appendix 1 and by electricity demangrescribed byhe SRES B1 scenario (inset).

The electricity generation scenari®ig. 4 can be converted inta CQ emissiams scenariofrom the
power sector(Fig. § by applying Equation,4upported by emissioreefficients/.
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Fig. 5 FutureCQ emissions annual (left) and cumulative (rightllet emissions for CCS and biomass
are split into positivedombustior) and negativgcapture/sequestratiopcomponents.



Even though the power mix is more and more penetrated by-¢avbon sources, annual and
cumulative emissions dominatelue to fossitfuel combustion. Emissionsfrom nuclear and
renewable power sources ar@direct emissions onlyin contrast to Fig. 3capture andbiomass
sequestration ofCQ are shown in Fig. &s negative contributions. Carbon capture and stor&ge
is net ofCQ expended for manufacture of infrastructure, and operation of all captummgport and
storage facilities.

Applying Equation 3once again to the futureavoided emissionsy LJdzf-§ §¢ - oeeee

calculated fromthe emissions profiles in Fig.ygelds mitigation potentials 0 in Fig.6. These
are now with respect to a more emissicimtensive SRES A2 scenario.
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Fig. 6 Future mitigation potentia- e

This time coal exhibg a positive contribution to temperature increase, because the SRES A2
scenario is less daon-intensive than a power generation system based purely on coal. In
temperature anomaly terms, it causes a warming offset of about 0.1°C by 2100, which all other
technologies have to compensatBiomass is shown inclusive of natural sequestratids. low
carbon technologies penetrate the generation systesignificant avoided temperature increase
start developing after 2040. Once agadue to the additivity property of the RBP formulation
(Equation 1), the contributions of the technologies can be adaegi¢ld a totaB - ¢ p ot
aboutc0.76°C.



Geothet CC¢
Coal Qil Gas Nuclear Hydro Wind PV CSP mal Biomass CCS Coal CCS Oil CCS GasBiomas:

Annual avoided C2e emissions (Gt)

2030 -2615 -11 1543 21547 2954 2200 415 43 92" 446 176 44 52 74

2050 -3175 -1 1995 5218" 3110 5288 1564 1781 357" 921 1162 54 480 183

2100 -1024 0 2193 3105 2791 8191 3138 5584 14730 2743 5996 1 3938 218

Cumulative avoided G& emissions (Gt)

Hist to 2006 0 17 41 60" 100 1 0 0 1" 4 0 0 0 0

Hist to 2100 -303 16 215 387 376 481 158 252 288 119 231 3 138 15

2009-2030 -72 -1 31 52" 68 27 4 0 1" 8 2 0 0 1

2009-2050 -132 -1 68 128" 129 110 26 15 6" 22 16 2 6 4

2009-2100 -303 -1 174 327" 276 480 158 252 287" 115 231 3 138 15
Temperature increase @ 2100 @%C, centigrade C)

Hist to 2006 0.0 -0.7 -1.3 -1.8 -3.5 0.0 0.0 0.0 0.0 -0.1 0.0 0.0 0.0 0.0

Hist to 2100 12.2 -0.6 -7.9 -14.7 -14.0 -18.2 -5.9 -9.2 -7.7 -4.2 -7.9 -0.1 -4.7 -0.6

2009-2030 1.9 0.0 -0.7 -1.3 -1.6 -0.5 -0.1 0.0 0.0 -0.2 0.0 0.0 0.0 0.0

2009-2050 45 0.0 2.2 -39 -4.3 -3.0 -0.6 -0.2 -0.2 -0.7 -0.3 0.1 -0.1 -0.1

2009-2100 122 0.0 66 -129  -105  -18.2 5.9 9.2 -7.6 -4.1 7.9 -0.1 -4.7 -0.6

Tab. 1 Summary oinnually anccumulativdy avoidedCQcequivalentemissionsand contributions
to global temperature increaséncluding Clieffects for hydro reservoirs

A comparison of technologies yields interesting insights about the significance of expressing the
mitigation potential of technologies in terms ahnual emissiong;umulative emissions, or asd

temperature increase (Tabs. 1 angd Phe selection of tdmologies comprises a group of established
G§SOKy2t23AS5a &4dzOK a 3L az ydzOf St NJ -hydrRrerfe@aBIdNE > | Y F
and carbon capture and storage. Some of these new technologies start making a significant
contribution to emissionseductions only after 2030.

Geothel CCt
Coal Oil Gas Nuclear Hydro Wwind PV CSP mal Biomass CCS Coal CCS Qil CCS GasBiomas:
Annual avoided CQemissions (% of total)
2030 -35% 0% 20% 28% 39% 29% 5% 1% 1% 6% 2% 1% 1% 1%
2050 -17% 0% 11% 28% 16% 28% 8% 9% 2% 5% 6% 0% 3% 1%
2100 -2% 0% 4% 6% 5% 16% 6% 11% 29% 5% 12% 0% 8% 0.4%
Cumulative avoided G@missions (% of total)
Hist to 2006 0% 8% 18% 27% 45% 0% 0% 0% 0% 2% 0% 0% 0% 0%
Histto 2100  -13% 1% 9% 16% 16% 20% 7% 11% 12% 5% 10% 0% 6% 1%
2009-2030  -59% -1% 25% 43% 55% 22% 3% 0% 1% 6% 1% 0% 0% 1%
2009-2050  -33% 0% 17% 32% 32% 28% 7% 4% 2% 6% 4% 0% 1% 1%
2009-2100  -14% 0% 8% 15% 13% 22% 7% 12% 13% 5% 11% 0% 6% 0.7%
Temperature increase @ 2100 (% of total)
Hist to 2006 0% 9% 17% 24% 47% 0% 0% 0% 0% 2% 0% 0% 0% 0%
Histto 2100  -15% 1% 9% 18% 17% 22% 7% 11% 9% 5% 9% 0% 6% 1%
2009-2030  -73% -1% 29% 51% 62% 19% 2% 0% 1% % 1% 0% 0% 1%
2009-2050  -41% 0% 20% 35% 38% 27% 6% 2% 1% 6% 3% 1% 1% 1%
2009-2100  -16% 0% 9% 17% 14% 24% 8% 12% 10% 5% 10% 0% 6% 0.8%

Tab. 2 Summary of annually and cumulatively avoid&@cequivalentemissions, and contributions
to global temperature increaséncluding Chleffects for hydro reservoirén % of total effects for all
technologies).



Comparingfor the example of hydropowethe 2030 percentage contributianin terms ofannual
avoided emissions3@%) and cumulativelgvoided emissiong5%) with thosein terms of avoided
the 2030 temperature increase(62%) showsthat emissions are dafient in representing
contributions to global warmingSimilarly nuclear power avoids 28 of annual emissions in 2030,
43% of cumulative emssions up to 2030, but avoids %lof the 2030 temperature increasi
contrast,wind power avoids 2% of annual enissions in 2030, 22 of cumulative emissiong to
2030, but avoids only 28 of 2030 temperature increase.

These results demonstrate the benefit of early technology deploymiegtropower is avoiding

emissions at significant scalat the scenario outsgfFig. 3, and those early avoided emissions are
Go2NIKE Y2NB Ay GSN¥ya 2F (KS NBalLlRyaS TFdzyOliAizya
observations can be made for gas and nuclear power.

In 21000, nuclearavoids less emissions thgeothermal pover, and until then hasvoided about the
same amount of cumulative emissions. However, due to the late start of geothermal, nuclear
L12 6 SNDa | J2tkeRiRiRasel S highedatl 7% han that of geothermal power (26).

The stark difference betweenuslear and hydropower in terms of 20@®30 avoided temperature
increase is due to significant £émission from newly commissioned hydro reservoirs. Due to the
short impact lifetime of CHthe difference between the technologies virtually disappears 102

Similarly, relative to 2006, hydropower was an established technology compared to the more recent
ydzOt SIF NJ L26SNE yR KSyOS KeRNRBQa wHnnc KAAG2NRAOI
temperature increase than in terms of cumulative esmgs, and vice versa for nuclear power.

These effects, even though illustrative for this particular scenario only, demonstrate the conflicting
conclusions derived from differembeasures for mitigation potential.

In percentage terms, longerm (2100) mitgation potentials converge towards lotgrm cumulative
emissions, because the differences between technologies in-gpartow fall into the tail periods of
the response functions, so th#te distinction between early and late technologies becomes btlirr



3.3 Sensitivity analyses

3.3.1 Using different carbon cycle and global warming models

We investigated the sensitivity of our results with regard to the parameters used in the climate
model as expressed in Egs. 2 and8e to the lack of standard deviati@stimates for the various
parameters, we resorted to substituting K S  W. SNy ¢! W the RBRIparamétsd 8kt a S i
and recalculated all result¥hese two parameter sets are quite different in both characteristic times
and fractions, thus our seitivity analysis could be regarded as conservative.

Moving from the RBP set to the Bern TAR d&t, mhitigation potentials of established technologies
such as gas, nuclear and hydropovdeccrease by about 5%, and the mitigation potentials of new
technolodges such as CSP, CCS and geothermal increase by between 5% a(ithl25% This
behaviour is due to the fact that the Bern TAR set places more emphasis etefongesponses,
which is mainly facilitated by  Hb. Technologies with intermediate tempal profiles such as
wind are unaffected. Similarly, the overall mitigation potential of all technologies increases only
slightly fromB - ;¢ p mm0.76CtoB - ¢ p mm0.77C.

Coal Qil Gas Nuclear Hydro ~ Wind PV CSP GeothernBiomass CCS CoalCCS Oil CCS GasCCS Biomass

Temperature increase @ 2100 (10-2 °C, centigrade C)
RBP 12.2 0.0 -6.6 -12.9 -10.5 -18.2 -5.9 -9.2 -7.6 -4.1 -7.9 -0.1 -4.7 -0.6
Bern TAR 11.5 0.0 -6.4 -12.3 -10.0 -18.2 -6.0 -9.7 -9.7 -4.2 -8.7 -0.1 -5.2 -0.6

Tab. 3 Comparison of mitigation potentia@l f Odzf G SR dzaAAy 3 WYw. t.Q 2NJ ¥. S

3.3.2 Bmisson coefficients

A sensitivity analysis of emission coefficients is best carried out on those coefficients that could
undergo potentially large changes. One such candidate areyldleCQ emissions associated with
nuclear power.In their analysis of emissions from theabear fuel cycleStorm van Leeuwen and

PUNFCCC 2009a;b ; Ht 5 pxWt 5 pWT 5 c®UQ ; p&P,Q ; ¢ &b,
Qo CRP,Qr o@p;tr WUty T pltay L @P,a; T BP.
"Rosaet al.2004t ; oolrt ; Yt 5 c@Wt 5 PHUQ 5 Cc@MP,Q i oa@ap,
Qg @b, Q5 w@bits CHtp; wwht; ¢&b,a; O @b,



Smith 2005arrived at significantly higher values than listed in Tabl, which for low ore grades of

about 0.01% U are about 530 g/kwWh, and hemgauld place nuclear power into the vicinity of

advanced natural gas plants. Aenzenet al. 2006 show, this discrepancy is mainly the result of
practices assumed b8torm van Leeuwen and Smith 20(fut not applied currently, see p. 18 in
OECD NEA and IAEA 108 the final disposal of large volumes low-level ore, waste rock, and

mill tailings. The worst case lrenzenet al. 2006 results in enmgsions of 248 g/kwh, which also
agrees with the maximum value found [8ovacool 208, but even this case is still below the
estimate made bystorm van Leeuwen and Smith 2005

Applying the RBP calaslunder quadrupling of lifecycle emission§NB Rdz0S8a y dzOf S| NDa
potential for the centuryby about 10%Tab. 4. This shows that considering the objective of limiting

3t 20t 6FNXYAYIS ydzOft SFNRa YAGAIFGAZ2Y LROGSYGALl €
life-cycle emissions.

Life-cycle
emissions at 210
ore grades

135¢g 5309
CQ/kWh CQ/kWh

Annual avoided CO2 emissions (Gt)
2030 2154 1874
2050 5218 4212
2100 3105 2952

Cumulative avoided CO2 emissions

Hist to 2006 60 60
Hist to 2100 387 330
2009-2030 52 48
2009-2050 128 111
2009-2100 327 270

Temperature increase @ 2100 (ﬁm)

Hist to 2006 -1.8 -1.8
Hist to 2100 -14.7 -12.3
2009-2030 -1.3 -1.2
2009-2050 -3.9 -3.4

2009-2100 -12.9 -10.5

Tab. 4 Comparison of mitigation potentials of nuclear power, under vametiof lifecycle emissions.

® Increasing- i ¢ p mfrom 135 gCQ/kWh to 530 gCQ/KWh.



A sensitivity analysis of ¢Emission factors for hydropower is interesting because emissions from
hydro reservoirs have not been measured often and well, and are also highly dependent on the
biomass density at the reservdacation. Varying the values of 20@C§}-e/kWh and7 years half life

given byDos Santogt al. 2006 and Rosa and Schaeffer 199flds that the mitigation potential of
hydro decreases with increasing £&thissionsntensity and haHife (Tab. .

Reservoir emissior

level (g C@e/kWh) 100/7 200/7 200/15 400/15
and half-life (years

Annual avoided C2e emissions (Gt)
2030 2954 2954 2954 2954
2050 3110 3110 3110 3110
2100 2791 2791 2791 2791

Cumulative avoided G& emissions (Gt)

Hist to 2006 100 100 99 98
Hist to 2100 377 376 374 370
2009-2030 68 68 67 65

2009-2050 129 129 128 125
2009-2100 277 276 274 272

Temperature increase @ 2100 (A€C)

Histto 2006  -35  -35  -34  -3.3
Histto 2100  -141  -140 -13.7  -13.3
2009-2030 -17  -16  -15  -13
2009-2050  -44  -43  -41  -37

2009-2100  -10.6 -10.5 -10.3 -10.0

Tab.5: Comparison of mitigation potentials bfdropower, under variations a€H emissions.

Snce characteristic times of anaerobic decay and &rhospheric lifetime (around 10 years) are
short compared to the characteristic times of the climate systemitigation potentials for
temperature increase due thydropower deploymentare relativelyweaklyaffected by assumptions
about reservoir emissiondNevertheless, the differences in sensitivity between the three quantities
clearly show once again that annual eumulative emissions are deficient yardsticks when
comparing technologies with respect to their impact on global warming.



3.3.3 SRE&sgnarios

In the last sensitivity analysis, we examine the influence of the SRES scenarios on mitigation
potentials. Wechanged both the scenario used to envelope future electricity demand (from B1 to
B?), as well as the reference scenario (from A2 to A}FThe main differences between the
changed scenario settings are that) in B2 nuclear poweplays a more importantrole, and
renewables play a less important role than in BLin B2electricity generation isigher than in B1,

and c) in AL1F1 referen€eQ emissions are lower than in ABig. 7.

140
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Z\ 120 + lg((; | ®Fossi
§ 60 CSP
a 100 + 40+ PV
P »
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Fig. 7 Future electricity generation scenario modelled according to the constraints described in
Appendix 1 and by electricity demand prescribed by the SRES B2 scenario (inset).

With the obvious exceptiagof nuclear power and coatitigation potentials diange negligibly (Tab.
60® !'a ydzOf SI NJ LI2gSNDRa aAKFENB Aa fFNASNI AYy . H O2)
to ¢22.6 centigrades. With coad F a SR 3ISY SN} GA2y o6SAy3a OFf OdzZ | GS

°The B2 worldfeaturesconcern for environmental and social sustainabjliepmbinedwith a trend toward
local selfreliance and stronger communitie®ecisioamaking lies more witdocal and regionathan with
international institutions. Energy systendevelop specifi¢o locdly availalbe natural resourcesless carbon
intensive technologys advancedn some regions.

®The A1 storylineseesrapid and successful economic developmamid convergingegional averageer-
capitaincomes. Abundant eergy and mineral resourcaupkd with rapid technical progresseduces the
resource intensity of production, and increasgnomically recoverable reserves.



mitigation potential (ie warming potdral) almost halves to 7.@entigrades.For the remaining
technologies, the differences between the two scenario settings are due to the reference being
changed from A2 to A1F1.

Coal Qil Gas Nuclear Hydro  Wind PV CSP GeothernBiomass CCS CoalCCS Oil CCS GasCCS Biomass

Temperature increase @ 2100 (10-2 °C, centigrade C)
Blref A2 12.2 0.0 -6.6 -12.9 -10.5 -18.2 -5.9 -9.2 -7.6 -4.1 -7.9 -0.1 -4.7 -0.6
B2ref A1F1 7.0 0.0 -7.0 -22.6 -10.6 -18.3 -6.0 -8.8 -7.6 -4.2 -7.6 -0.1 -4.7 -0.6

Tab. 6 Comparison of mitigation potentials calculated using the B1/A2 oABZ1 scenario sets.



4 (onclusions

Using the mathematical formalism of the Brazilian Proposal to the IPCC, we have analysed eight
technologiesg seven electricity generation technologies, and carbon capture and staragith

regard to their past and poteral future contributions to global warming. We have defined the
mitigation potential of each technology in terms of avoided temperature increase by comparing a
GO2lyit ¢ NBFSNBYyOS aO0Sy icdddoreSRESyeRarid-We havé k@it G A &S
account detailed bottorrup technology characteristics such as-tifeele emissions and capacity
factors.

Historically (190€006), hydro, nucleaand gadired power have acieved the largest mitigation, at
0.03°C, 0.02°C, and 0.015°C avoided by 210@ecésely. This ranking is partly due to the
magnitudes at which these technologies are deployed, but in part also due to their deployment
histories. For example, the global capacity of -fjgesl power plants is larger than that of
hydropower plants, howear significant hydropower capacity has been around for many more
decades.

Similarly, potential future (20092100) contributionsare influencedby the magnitude of future
capacity as well as the temporal deployment profifor example, even if geothermaloywer
equalled hydropower capacity by 2050, t2400 temperature increase avoided by hydropower
would larger becausef its cumulativeavoidanceof radiative forcing over timeA general conclusion
is that earlytechnologydeployment matters, at leastithin a period of 56100 yearsWe undertake
several analyses to demonstrate the robustness of these conclusions.

Our results conclusively show that avoided temperature increase is a better proxy for comparing
technologies with regard to their impact aimate change, and that comparisons based onual

or even cumulative emissions may be misleading. Thus, our results support the Brazilian Proposal to
the IPCCIn addition our findings extend the policy relevance of the Brazilian Proposal in the sense
that not only comparisons between countries, but also comparisons between technologies or
technology portfolios should be undertaken on the basis of avoided temperature increase rather
than on the basis of annual emissions as is practice today.
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Appendix 1: Data sources

Al.l Emissions data and global warming parameters

The parameters AT 1A in Equation 2 were parametrised using the RBP values for the fradtions
and| and their corresponding lifetimes as listed irRosaet al. 2004and UNFCCC 2009a; Yalues

for the b and s were obtained fromMeira 2009 Cwas calculated according to Equation 28aira
and Miguez 2000using a climate sensitivity of @. The model was calibrated and finmed (Fig.
Al1) against historical measurements of atmosphedaaentrations CQ Keelinget al. 2008 CH
Steeleet al. 2003 and ice core sample€Q Neftel et al. 1994 CH Etheridgeet al. 2002, as well as
against historical measurements of globainperature anomalieg¢Joneset al. 2009).
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Fig. A11: Calibration of the RBP (grey curves) in terms of atmospheric concentrations of two
greenhouse gases (left) and temperature anomaly (right) againshsorements (left:
markers; right: dashed curve).

Present mean radiative forcing and global warming are a function of GHG emissions reaching back
into the past as far as 300 years. Therefore, the calibration andtdimag of the RBP model
requires histoical emissions data starting 1750. CDIAC data on gle@a¢missions from fossil fuel
usage, cement production and gas flaring between 1750 and 2005 were takerMeaoiand et al.

2008 on CQ emissions resulting from land use change between 1850 and 2005 Haughton

2008 on CH, emissions btween 1860 and 1994 frorBtern and Kaufmann 1998,0 emissions
between 1890 and 1995 were taken from the EDGIMDE model, documented Wfan Aardennest

al. 2001 Values prior to these periods were extrapolated using-1880 growth rates. These
extrapolations are not expected to exert major influence on the results obtained here, giace

1890 emissions are small compared to pb800 emissions.



Historical mitigation potentiald  ; Gseare based on historical data on electricityngeation and
consumption (Fig. in the main tex}, collated mostly fromlEA 2008b(post1971) andEnergy
Information Administration 208 (post1980), but complemented by data on renewable
technologies from various industry sourc&rgkmannet al. 2005; DiPippo 2008b; IEA/PS 2008;
WWEA 2008 and historial data fromDarmstadter 1971post1925) andEtemadet al. 1991 (post
1900), the latter two sources downloaded from the HYDE databdsi(2008.

Al.2 Specific missionoefficientsh

Specific emissions coefficientsfor the various technologies were sourced from a wide range of
recent assessments (TaBll). Note that in virtually every lifeycle study, technologies are
appraised in isolation, leading to an overestimation of-¢ifele emissions due to doubt®unting
(Lenzen 2008a For example, the manufacture of a wind turbine riegsi electricity from fossil,
nuclear or hydropower plants, so that the légcle emissions from those plants are also counted in
the life-cycle inventory of the wind turbine. At present, there exist no comprehensive studies on the
degree of doublecounting. However, for the purpose of this work, lifgcle emissions of lowarbon
power technologies are small compared to the emissions their deployment avoids, so that the error
due to doublecounting is unlikely to have a significant influence on our result

Technology Life-cycle emissions References Comments
(9 CQe/kWhy)
2009 2100
Pulverised coal 880 +10% 570 a0
Oil 640+10% 440 GIPCCO05, WEQDLO8
Natural Gas CC 385+ 20% 310 y Additional venting & flaring

Postcombustion CC¢ ¢ 750 +20 ¢540+ 20 OCO08, PHQYI07 Coal: 85% captured + lifgycle
Precombustion CCS ¢330+20 ¢300+20 0OCO08, PHQWIO7 Gas: 85% capturedlife-cycle

Hydro 40+60+150 40+60+150 LEO6DSO06 CQ(plant) +CQ(res) + Cl{res)
Nuclear 65 130 FKO7, LEO8, SO08 LWR, HWR

Wind 50 10 LMO02, PEO8, RO05 Capacity reserves + life cycle
PV 100 50 FKO7, LEQGE06

CSP 60 30 LE99

Geothermal 120+50 25 ARO05 Onsite + life cycle

Biomass 30+ 50 100 ECO08, WEQ7 Fuel cycle + infrastructure

AR =Armannssoret al. 2005 CC = Combined Cycle Plant, CCS = Carbon capture and sii®@gezDos
Santoset al. 2006 EC08 JEC 2008~K07 Fthenakis and Kim 200HWR = Heavy Water Reactor, IPCCO05 =
IPCC 20Q5LE06 =Lenzenet al. 2006 LEO8 =Lenzen 2008bLE99 =Lenzen 1999LMO02 =Lenzen and
Munksgaard 2002LWR = Light Water Reactor, OC08deh and Cockerill 200®L08 =Oliver 2008 PE06 =
Pehnt 2006 PEO8=+ehntet al. 2008 PHO9 Pehnt and Henkel 200%es = hydro reservoiRO05 =Rothet al.
2005 SO08 sovacool 2008/107 =Viebam et al. 2007, WEQ7 Weisser 2007

Tab.A11: Onsite and indirect GHG emissioag AT A: .M

" The period between the end of our historical time series (2006) and the start of our future scenario (2009) is
not covered inour analysis because, on one hand, capacity and generation statistics are not yet available for
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because of fugitive emissions during venting and flaring, and leakagedn 2001; Foraet al.

2005; Meieret al. 2005; Weisser 2007; Odeh and Cockerill 200&gative net emissions of carbon

capture and storage technologies represent avoided emissions, as defined in Fig. TBAQ R0Q5

This includes the scalled energy penalty resulting from: a) the additional energy requirements for
capture, and b) conversioefficiency decreases. Energy penalties (see Tab. TSRCG@120Q3Rubin

et al. 2007, Odeh and Cockerill 200&nd Davison 200y are typically 25% in postombustion

systems (due t@n 810% efficiency decrease, asdrubbing agent regeneration), and 15% in-pre
combustion @ue to a 68% efficiencydecrease, ando the water-gasshift reaction)*? The lifecycle

component represent€Q transport and injectiort?

Emissions from construction and maintenance of hydroelectric plants amount to about 40 g
CQ/kWh, however averagecQ and CH emissions fromthe anaerobic decay of organic matter
submerged by the reservoir have been measured to be 20Qg/kWh Dos Santost al. 2006).

Emissions from the nuclear fuel cycle include mining, milling, decommiisgiand waste disposal.
Rothet al. 2005and Pehntet al. 2008take the reduced capacity credit of wind into account in their
systems LCA, and conclude ti&f) emissionsarisingfrom the need of additional spinning and nen
spinning reserveadd between35 and 75 gCQ/kWh, thus outweighingCQ emissions from the
turbine life cycle If reserves were provided using lesarbon technologies, future lifeycle
emissions for wind energy coule fas low as 10 @Q/kWh (Lenzen and Munksgaard 2002

In a case study of a hypothetical XMW PV plant (crystalline silicomodule efficiency 13%, system
efficiency 80%) operating under Australian conditions (average capacity factor 20%, abds=zhl
background economy),enzenet al. 2006 (work undertaken by author Wood) arrive at liégcle
GHG emissions of about 100Gf2/kWh. In a dynamic LCRehnt 2006projects future lifecycle
impacts of PV to decrease by about 40% until 2030. Here, we assume 50% reductiorsyiidife
emissions for both PV and CSP.

Armannssoret al.2005conduct a survey o£Q emissions from geothermal power plants, yielding a
large range of 440 gCQ/kWh, with a weighted average of about 120C§y/kWh (excluding life
cycle emissions). Future emissions may be as low as@3/kWh, if only binarycycle plants are
utilised, and lifecycle emissions are halved.

Biomass is assumed to undergo a slight shift from mainly residue and waste utilisatmifeis and
steam turbines, to a higher proportion of dedicated energy crops, and overall more efficient
combustion in biomass integrateghsifier combinegatycle (BIGCC) plantdEQA 200Y. The more
intensive energy crop production slightly outpaces efficiency gains in terms of GHG emi3BiGns (
20098).

many of the technologies here considered and, on the other hand, this period is past and, as such, cannot be
part of a future scenario. Hence, some scenaricapaaters for 2009 (Tabs-3) had to be modelled based on

2006 data.

2 The energy penalty is quantified here exclusive ofdifele components (compare with a definitionRubin

et al.2007, p. 4451 and footnote 3).

¥ For example, the emissions from 1 kWh genecain a pulverisegtoal power plant with CCS are composed

of 880 g (combustion) + 88 g (10 % power plant life cycle) + 79 g (9% efficiency penalty) + 141 g (16% remaining
energy penalty); 935 g (85% capture of 880+79+141 g) + 20 g (remaining CCS dfe=¥/¢8B g.



Al.3 Average capacity factors(Tab. Al.2)

Reduction rates of CCS are modelled to redioen 85% under current technology to 90% using
oxyfuel combustion\(iebahnet al. 2007). Average apacity factors for hydropower are determined

by the demand segment (base or peak), so that this technology occupies an intermediate position at
40%. Whilst this factor may increase in principle as hydropower plants are increasingly used for
balancing vagble renewable power sources, increased water shortages may be a limiting factor
(Lucenaet al. 2009. Thereforethe capacity factor for hydropower was assumed constant. Future
capacity credits for wind power are subject to counteracting trends. Increasing geographical
dispersion tends to smoothen output and decrease variabifitgtérgaard 2008; Oswadd al. 2008).
Increasing penetration leads to more wind energy that has to be discaktteap(vijket al. 2007).

Current capacity factors for PV are difficult to estimate because of the dispersed deployment of
many small generators. Obviously, future capacity factors are even more uncertain. The average
capacity factor of the US SEGS parabolic trough @8Pipl21%. Including storage means that the
plant can also produce during extended loadiation periods, thus significantly increasing its
average capacity factor. For example the Spanish Andasol trough plants have a liquid salt storage
system that allow them to operate day and night at an average capacity factor of &dfaur(
Millennium 2009. Currently, geothermal power records an average capacity factor of Ghue(l

and Greenberg 2007 However, considering that geothermal power is the only renewable energy
source that is entirely independent of seasonal or climatic changes, high capacity factors in excess of
90% may be achievable in the futurStéfansson 2002; Sanner and Bussmann ROG8irrent
biomass capacityactors of 65%IEA 2007; 2008bare expected to increase to 80% in the future
(Haqg 2003.

Technology Capacity factor (% References Comments
2009 2100

Pulverised coa 75 85 EIAO8

o]] 22 35 EIAO8

NaturalGas 42 55 EIAO8

CCs 85 95 V107, RUO7, IEAO6 Reduction rates

Hydro 40 40 IEAO8

Nuclear 86 90 BLOG6, LI06

Wind 25 30 GWECO08

PV 15 20 HOO06, LEO6 Highly uncertain

CSP 20 50 SMO09 2100 assumes storag

Geothermal 71 90 GGO07, ST02, SBO:

Biomass 65 80 IEAO7, IEAO08, HQC

BLO6 =Blake 2006 CC = Combined Cycle Plant, CCS = Carbon capture and storage;di@en areCQ
reduction rates including lifeycle emission€IA08 £IA 2008aGG07 £3awell and Greenberg 200GWEC08
= GWEC 20084006 =Hoffmann 2006 HQ03 =Haq 2003 IEA06 4EA 2006 IEA07 3EA2007, IEA08 3EA
2008h LEO6 #enzenet al. 2006 LIG =Limet al. 2006 LM02 =Lenzen and Munksgaard 2QQ2NR = Light
Water Reactor RUO7 Rubinet al. 2007, SB03 Sanner and Bussmann 2QMO09 =Solar Millennium 2009
ST02 =Stefansson 20Q02/107 =Viebahnet al.2007.

Tab.A12: Average capacity factots.



AlA Installed capacity PTab. A1.3

In projecting future technology deployment, we do not aim at replicating previous projections (for
exampleUNDP 2004; Alcamet al. 2005; IEA 200§aand we also do not aim at providing several
future pathways, as thig/ork is not a scenario analysis. Instead, we construct one scenario that fits
well within a number of future projections published in the literature (see AppeBdiXVe define

our scenarioasaseb 0 A o I T © &e of paraneters for the growth of installed capacities,
and justify our choice below by showing how future deployment may be constrained by a number of
technical circumstances specific to the various generation technologies.

CCS is not expected to become competitbefore 2030, but global storage capacity of around 200
Gt CQappears reasonably certain. We have used twice this capacity as a constraint on cumulative
- &g determiningd deeand! . CCS for biomass is not expected to beneeaical because of the
small size of biomadi#ed power plants DPamenet al.2007).

l'a Ylye 2F GKS ¢g2NIRQa fFNHS NAGSNB NB | f NSIFRe
hydropower is not expected to expand to more than twice its current capdéiet al. 2000; Paish
2002.

Future development of nuclear power was taken ditg from the SRES B1 scenatiol(1{ A 6 Sy 2 @A &
and Swart 2000 This scenario is captent with the amount of reasonably assured and inferred
resources being sufficient for 800 years at current generatio©ECD NEA and IAEA 20Gtd

also with more recent assessment$NDP 2004; EIA 2008b; IEDD&4.

wind is widely regarded to face grid integration problems above 20% penetration, with the main
issue being excess wind energy to be discarddab@vijk et al. 2007). For example in th6&WEC
2008 future wind energy outlook, wind is constrained to 17% penetration even in the advanced
scenario. We have hencedet ¢ pmmp ® 0 ¢ p muetermining T O.

Future growth of PV depends critically on the reduction of generating cost, which carries a large
uncertainty yan der Zwaan and Rabl 200Zhere are only few projections that attribute PV a global
share of more than 5% penetration by 2050. We have therefore chjosenthat in combination
with0 6 andi 6 ,O ¢ mumub O ¢ T v.TNo new commerciedcale CSP plant has
been commissioned until recently, so that the growth rate; T mwas taken from the period
1986-2003. Thoughout 2040, we assume CSP to grow abdXep20 yeargchott AG 2005

The 2050 global potential of geothermal power is estimated in the ACT and BLUE scenarios of the

IEA 2008as only abouR00 GW, which was taken as a reference for our projection. However, given

its potential for baseload and its largest technical potentMIT 2006; Rescht al. 2008; Blodgett

and Slack 2009> 3JIS2GKSNXIf LI126SNI gFa IFAGSYy | aflGS NBY
penetration by 2100. This scenario also provides an interesting case for comparing traditional with

new tednologies in their effect on global warming.

Biomass is estimated to grow only moderately by sor®38@per yearfaq 2003; Perladht al. 2005).
Finally, naturabasfired power is expected to grow twofold, and-filed power is expected to peak
around 2030 EIA 2008a; IEA 20080, &oaffired generation is reduced residually, by subtracting

the generation of all other sources from total electricity demand prescribed by the SRES B1 scenario.



A comprehensive comparison of the seeio examined here with prgous scenarios is in Appendix
2.

Technology 0 ¢ mmi ¢ MmO ¢ p 1 Refe Constrained by

(GW) (%) (GW) rences
Coal 1310 700 Calculated residually
oil 490 ¢4 0 EIA08
Natural gas 1140 5 3600 EIA08

Fnnn DG @QazYy dz
CCs - - - IPCCO05 @2100
Hydro 870 4 1700 IEAQ8, PA02
Nuclear 377 2 900 NAOO SRES B1
Wind 121 34 7100 GWECO08 Eving = 20%E @2100
EPIAQ8, PVPS08, P(2100) based ofpy= 5%

PV 1 36 3800 LWO08 Eo @2050
CSP 0.5 19 2700 DLRO5,ETP08 i averaged 1982003
Geothermal 10 4 3900 MITO6
Biomass 51 6 800 IEAQ7

CCS = Carbon capture and storapeR05 -DLR 2005EIA08 =EIA 2008aEPIA09 £PIA 2008ETP08 3EA
20083 GWEC08 SWEC 2009AEA08 $AEA 2008IEA07 4EA 2007IEA08 $EA 2008pIPCCO5 HFPCC 2005
LWO8 =Liu and Wang 20Q8VITO6 =MIT 2006 NA0O =b | { A 6 Sy 2 @i 800Q- PAGR =Raigh 2002
PVPS8 =IEAPVPS 2008

Tab.A13: Present and future installed capacities and their present growth rates.



Appendix 2 Comparison of our scenario with future projections in the literature

BEO5 Brakmannet al. 2005; Eichhammeet al. 2005 DLRO05 DLR 2005EIA08 =EIA 2008aEPIA08 £PIA
2008 ETP08 #EA 2008aFT09 =Fthenakiset al. 2009 GWEC08 EWEC 20Q84Q03 =Haqg 2003 1AEA08 =
IAEA 2008IAEW01 #EA Wind 200IMIT06 =MIT 2006 RF09 Raugei and Frankl 2008CHO05 Schott AG
2005 SI08 Simset al.2008

Tab. £.1: Conparison of future capacities in ogcenario (bold) with previous studies.



