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SUMMARY We extend the WITCH model to consider the possibility to
produce and trade electricity generated by large scale concentrated solar
power plants in highly productive areas that are connected to the demand
centres through High Voltage Direct Current (HVDC) cables. We find that it
becomes optimal to produce with this source only from 2040 and trade from
2050. In the second half of the century, CSP electricity shares become very
significant especially when penetration limits are imposed on nuclear power
and on carbon capture and storage operations (CCS). Climate policy costs
can be reduced by large percentages, up to 66% with respect to
corresponding scenarios without the CSP-powered Super-Grid option and
with limits on nuclear power and CCS. We also show that MENA countries
have the incentive to form a cartel to sell electricity to Europe at a price
higher than the marginal cost. Therefore we advocate the institution of an
international agency with the role to regulate a hypothetic Mediterranean
electricity market.
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1. Introduction

Nowadays, general consensus on the impacts of hactaties on global climate change has
been reached and the interest related to climatessis growing also among the general public.
The debate now focuses on the actions that nebe tendertaken to avoid damages that are
unacceptable from an economic, social, ethical irenmental point of view and on the
policies that can lead to the achievement of sumgbatives (Nordhaus 1993; Stern 2006; IPCC
2007).

Around the world, initiatives aimed at reducingranpogenic greenhouse gas (GHG) emissions
are beginning to spread, though an operative diedtafe international agreement is far from
being reached. The recent™@nited Nations Framework Convention on Climate i@
(UNFCCC) Conference of the Parties (COP 16) in @ankas moved the situation a step
forward by confirming, and slightly extending, thesults of the Copenhagen Accord in an
official, though non-binding, UNFCCC agreement (B@ncun Agreement). Policies aimed at
drastically reducing GHG emissions — like for exémgthe discussion about 50% global
emission reduction by 2050 emerged at the 2009 WlAgG8 meeting — might entail large
economic costs; however inaction may lead to evighehn costs in the future (Stern 2006;
Weitzman 2009).

It is therefore, very important to analyse whattttoe costs and impacts of the proposed climate
policies may be. Extensive work in this field h&gady been carried out (WGIII of IPCC 2007,
Clarkeet al. 2009; Edenhofeet al. 2009); more specifically, this paper aims \&leating the
changes in the policy costs — and in the elegyriciix — when the option ofong distance
transmission of concentrated solar power (CSP) dded to the portfolio of available
technological options. We analyse the issue inst-ginimization framework, i.e., to look for

the least-cost option that allows the achieveméttietargeted climate policy.

The focus is on the electric sector, as a widegarignodel simulations consistently find that in
stringent mitigation scenarios it is optimal toattdy the energy supply (Richekt al. 2007,
Bosettiet al. 2009). In addition, due to its peculiar chéedstics and to the fact that the non-
electric energy sector is still far from findingable solutions to drastically reduce its carbon
emissions, the electric power sector will havedach high levels of decarbonisation already
from the first half of the century. For instanclslization scenarios at 550ppm &€y that
emerge from long term models require almost cafbem-electricity generation (Bosett al.
2007b; Gurnetal. 2009; ECF 2010).



The electric power sector is, indeed, one of thetmalevant sources of carbon emissions and at
the same time electricity is becoming more and nimygortant for the contemporary society,
with its demand growing at a high rate, especiallgdeveloping countries. Emissions from the
power sectdrin Europe and worldwide exceed 39% (1.6 Mt€)and 45% (12.8 MtC®@) of
their global emissions, respectively (WRI 2010)] &hectricity demand is expected to increase
76% by 2030 worldwide according to the IEA (2008 &87% by 2035 according to the EIA
(2010). These projections (IEA 2009) assume thaertitan one billion of people will still lack

access to electricity in 2030 compared with theenirl.5 billion people.

Moreover, the power sector is characterised by l@mm investments that necessarily shape
future emission scenarios and it is particularbgvant also because low carbon technologies —
that can help target the problem of reducing GHGssions — already exist or are in an

advanced phase of development (nuclear power, cathpture and storage for hydrocarbon

sources, renewable technologies).

The pull for reducing the electric power sector'sl®&@ emissions is coming both from the
policies, but also form the demand side. Evidehe¢ $upports the existence of a willingness to
pay — of a certain fraction of consumers — for &grer energy” is, in fact, increasing (Betal.
2006; Wiser 2007; Carlssatal. 2010).

Reaching stringent emission targets with preseaitntglogies may be technically feasible, but
serious political and social issues arise espgdialscenarios with a high penetration of nuclear
power and production based on coal with carbonuca@nd storage. More specifically, nuclear
power generation through fission is technologicafigture and would be technically able to
expand and decarbonize electricity generation. Hewethere are still large unsolved issues
regarding: () the safe treatment and disposal of radioactivetevand i{() proliferation of
nuclear technology, knowledge and reprocessableewagh its geopolitical implications. This,
together with the operational risks made appargntpést and recent incidents, induces
scepticism towards a nuclear expansion in a simtfi part of the general public and in the
political aren&. The technology needed for carbon capture ancgto(CCS) operations is
already commercially available, but used separafely different production processes.
Consequently, there is no need for technologicatakthroughs, but for large-scale
demonstration plants, to be used as learning oppidigs to solve some of the concerns

regarding CCS. The major problematic issues allosittéchnology are related to) the very

! Data is taken from CAIT 2010 and refers to emissifsom electricity and heat plants in 2006 for EU-
27 and Worldwide.



high costs of capture operations compared to thee @ttached to carbon emissionis) the
uncertainties regarding storage operations, relataihly to storage capacity and leakagi) (
the uncertain legal and regulatory framework farage and long-term liability;iW) public

acceptance of storade.

Given the issues related to the expansion of nugewer and CCS, strong decarbonisation
targets will necessarily require the introductidmew technologies and it will be important not
to focus only on the different generation technmegbut also on the opportunities induced by

the structural transformations of the distributeystem and its management.

The current discussion about new technologicaloogtithat may be added to the optimal
mitigation portfolio, indeed, includes importantnovations in the distribution system and
focuses on Super-Grids and Smart-Grids that mayease the exploitation of renewable
sources (WBGU 2003; Trieb 2006; Battagknial. 2008; ECF 2010; IEA 2010c; Jacobson and
Delucchi 2010). These innovations entail a re-eegjiimg of the power systems towards a more
evolved structure that will require a more compfeanagement capable of dealing with new

and distributed production sources and even p@ssiinges in consumer involvement.

This work focuses on Super-Grids (SG), that agh kiapacity wide area transmission networks
intended to transmit power over long distancesh@dlgh Super-Grids allow the connection of
all kinds of power generation plants, their linklwrenewable energy is particularly interesting
because it allows to take advantage of sourceantigtlocated from consumption areas. The
development of high-voltage direct current (HVD@plkes, indeed, allows the exploitation of
sources that where previously non-economically leialue to transmission losses. In addition,
such cables allow the integration of inter-regioglalctric power systems, facilitating trade and
helping to smooth the variations in supply and deinéWolff 2008) taking advantage of
meteorological or time differences. Even if theguiee the construction of converter stations
that are costly and have a high footgtintterms of land-requirements, HVDC cables areemor
suitable than high-voltage alternating current (H8jAcables for large-scale and long distance
transmission, because off} [ower transmission losses over long distandgsthe possibility of
submarine cables over long distances andiigf ynderground cables over long distances and
with high power; /) a lower number of lines is needed to transmitsiés@e power; ) smaller

footprint, in terms of occupied land, of the ovexal lines; (i) smaller magnetic fields from the

2 For a deeper discussion on the topic see Deuteh @003) and Jacobson and Delucchi (2010).

% For a more detailed discussion on the topic s€€IE2005) and Herzog (2010).

* Footprint here refers to the area around the atewvstation or the power line on which no buildiray
high trees are allowed.



lines; (i) greater control over power transfers, that isdartgmt for electricity trade (Heymaat
al. 2010).

The investments needed for projects that aim ahecting different regions or very distant
national areas are high, and in order to attragtstors and be profitable such infrastructure
needs to be used consistently, and therefore wubgect to long-term agreements. Especially
for the implementation of international Super-Gritksues of security exist and need to be
carefully considered, as these lines have the patea cover large percentages of the regional

power loads.

All water, wind and solar related technologies &ikely to play an important role in
decarbonising electricity production (ECF 2010;akson and Delucchi 2010). In particular,
this paper focuses on concentrated solar powerjrard specifically on parabolic troughs, as
the levels of solar radiation, especially for thedte-East and North Africa (MENA) region,

may be the source of comparative advantages.

The choice to, firstly, focus on concentrating sqt@wer (CSP) is driven by a number of
reasons:ij it can be integrated with storage or in hybriceigtion with fossil fuels;ii() it is
suitable for peak-loads and base-loads if thermalgy storage systems are installéid) it has

a short pay back period of the energy used fortoactson; (v) according to the literature, costs
are rapidly decreasing (Richtetral. 2009). In particular, parabolic trough powtants are: ij
already commercially availabléi) with a commercially proven efficiency of 14%ii) and
commercially proven investment and operating ¢dbtsthey are also modulany)(and have a
good land-use factor with respect to other CSPnigclgies ¢i) and the lowest demand for
materials (Richteet al. 2009). Drawbacks of CSP technology are instetated to the land
requirements and water usage for cooling and agaoperations. More in detaii) @lthough
land requirements for CSP plants are higher thasetior photovoltaic (PV) solar generation
(Jacobson and Delucchi 2010) the areas that aat fdelarge CSP plants are usually desert
areas characterised by a low opportunity cost dod] (i) wet-cooling operations - that use
water - can be substituted with dry-cooling - thagés air to cool the solar panels -, though the
latter reduces plant efficiency and is more costily,to 5-10% (Richteet al. 2009); iii) new
techniques of automated cleaning or electrostatiet self-cleanifigshould drastically reduce
the demand for water of cleaning operations (Wiika 2010). In addition, operating

temperatures are quite low — around 400°C — imglgmoderate conversion efficiency; central

® This technique is based on sensors that measaidugt on the surface of the panels: when the latte



receiver CSP plants have instead good prospectedahing higher temperatures, though this

technology has not yet been commercially proveoheretal. 2009).

Some economic studies that investigate the fedsgiloil this option have already been carried
out. The tools that have been applied, thoughyraialy policy analysis and scenario analysis
(Trieb 2006; Patet al. 2008; Ummel and Wheeler 2008; IEA 2010b, Jacoband Delucchi
2010). These methods identify potential risks, Enpéntation barriers, required subsidies and
policies or choose and describe feasible fututeaBdns to evaluate their effects and pathways
towards them. To our knowledge, the only attemptintooduce a Super-Grid in a more
sophisticated economic model is that of Baeteal. (2009), that aims at finding the political
barriers to the electricity trade between Europel dENA analysing the effects on

macroeconomic activity, sectoral outputs and tradsgions.

The present work aims at evaluating the optimafilerof investments in a Super-Grid capable
of delivering long distance electricity, generateith solar thermal power plants. The optimal
timing and quantity of investments both in the gadd in the new power plants will be
determined as the outcome of a long-term optimargpirocess in which economic resources are
allocated efficiently across sectors and time. ©csd, we build on a pre-existing model — the
WITCH (World Induced Technical Change Hybrid) Modelvhere investment decisions for all
regions in which the world countries are groupedhim model, are the outcome of a strategic

interaction modelled as an open loop Nash game.

More precisely, we extend the model so that itk d@o consider concentrated solar power
production and its transmission over long distaneiisin or between regions. In particular, we
model the possibility for Western and Eastern Eartipimport electricity generated in highly
productive areas of the Middle-East and North Adriallowing the latter to use this electricity
also for domestic consumption, without the need &G. We also simulate the possibility for
the USA and China to invest in a domestic CSP ped&G connecting highly insolated areas
with distant highly energy demanding areas of th@es region. This may enable an increased
diversification of electricity sources and alsoinareased usage of low carbon technologies,

reducing the electric power sector J0otprint.

Future work will try to account for the main soceffects of the increased availability of

(carbon-free) electricity in the MENA region, stag from the possibility of producing

reaches a certain level, the panel surface is e@glgo that a dust-repelling wave lifts the dust ia
transports it to the edge of the screen.



relatively cheap and low-carbon fresh water, ire liwith some exploratory work that has
appeared in the literature (Trieb and Muller-Steign 2007; Trieb 2009).

The main goal of this paper is to illustrate madelichoices to introduce CSP powered Super-
Grids and international trade of electricity in WHTCH model and to review the implications
that these technology options have on technologindl economic/geo-political issues. On the
technological side we are interested in examinijpthé optimal scale of CSP, (ii) the optimal
timing of investments in CSP, (iii) the optimal pemgeneration mix, (iv) the implications for
non-power energy uses. On the economic/geo-pdlisicle we examine (i) the impact of
introducing CSP on the cost of achieving a giveabiization target, (ii) the scale of the
investments needed and the size of the EuropeaantMENA (Euro-MENA) electricity trade,
(i) the evolution of investment costs in CSP (ihe geo-political implications of having a
large fraction of electricity in the EU that is ionped from the MENA region and (v) we start

investigating scenarios where market power is egert

Our analysis is the most comprehensive in thealitee. Compared to previous policy scenarios
analysis we use a solid energy-economy modellinghéwork (Trieb 2006; Patt al. 2008;
Ummel and Wheeler 2008; Jacobson and Delucchi 204@h respect to Bauest al. (2009)
we make further considerations on the nature oktbetricity trade between the Euro-MENA;

we also introduce CSP powered SG also in the USAirmchina.

The next sections will describe the WITCH modeld®m 2) and the insertion of the Super-
Grid option (Section 3), discuss the calibratiomgadure (Section 4) and then (Section 5)
evaluate the costs, benefits and potential effeictee Super-Grid option, to understand if the
necessary technological upgrades are economicesiifipble. Section 6 evaluates the costs and
benefits of an anticipated common deployment of @®#iHe Section 7 analyses the Euro-
MENA trade situation in the presence of market pov@ection 8 illustrates the sensitivity

analysis and conclusions follow.

2. A Brief Introduction to the WITCH Model

WITCH — World Induced Technical Change Hybrid -aisegional integrated assessment model
structured to provide normative information on thimal responses of world economies to
climate policies (Bosetgt al. 2006, 2007a).

It is a hybrid model because it combines featufdsoth top-down and bottom-up modelling:

the top-down component consists of an inter-terpoptimal growth model in which the



energy input of the aggregate production functias been integrated into a bottom-up like
description of the energy sector. WITCH’s top-dofsemmework guarantees a coherent, fully

intertemporal allocation of investments, includthgse in the energy sector.

World countries are aggregated in twelve regionghmnbasis of geographic, economic and
technological vicinity. The regions interact stgitally on global externalities: GHGs,

technological spillovers, a common pool of exhdusthatural resourcés.

WITCH contains a representation of the energy seethich allows the model to produce a
reasonable characterization of future energy adldnt@ogical scenarios and an assessment of
their compatibility with the goal of stabilizing @gnhouse gases concentrations. In addition, by
endogenously modelling fuel prices (oil, coal, makuas, uranium), as well as the cost of
storing the CQ® captured, the model can be used to evaluate tpécation of mitigation

policies on the energy system in all its components

In WITCH emissions arise from fossil fuels usedha energy sector and from land use changes
that release carbon sequestered in biomasses idEsaissions of Ch N,O, SLF (short-lived
fluorinated gases), LLF (long-lived fluorinated)da8G, aerosols, which have a cooling effect
on temperature, are also identified. Since moshe$e gases arise from agricultural practices,
the modelling relies on estimates for referencessions, and a top-down approach for

mitigation supply curves.

A climate module governs the accumulation of eroissin the atmosphere and the temperature
response to growing GHGs concentrations. WITCHI$s aquipped with a damage function
that provides the feedback on the economy of gletaiming. However, in this study we
exclude the damage function and we take the seetatiost-minimization” approach: given a
target in terms of GHGs concentrations in the aphese, we produce scenarios that minimize

the cost of achieving this target.

Endogenous technological dynamics are a key feaiiuvélTCH. Dedicated R&D investments

increase the knowledge stock that governs enefgyegicy. Learning-by-doing curves are used

® The regions are USA, WEURO (Western Europe), EEUR@stern Europe), KOSAU (South Korea,
South Africa and Australia), CAJANZ (Canada, Japad New Zealand), TE (Transition Economies),
MENA (Middle East and South Africa), SSA (Sub-SamrAfrica), SASIA (South Asia), SEASIA
(South-East Asia), CHINA, LACA (Latin America andet Caribbean).

" Reducing emissions from deforestation and degiadREDD) is estimated to offer sizeable low-cost
abatement potential. WITCH includes a baseline gmt@n of land use CQemissions, as well as
estimates of the global potential and costs foucad emissions from deforestation, assuming that a
tropical forest nations can join an emission trgdaystem and have the capacity to implement REDD



to model cost dynamics for wind and solar poweritagosts. Both energy-efficiency R&D
and learning exhibit international spillovers. Thackstop technologies — one in the electricity
sector and the other in the non-electricity seetaecessitate dedicated innovation investments
to become competitive. In line with the most recbterature, the costs of these backstop
technologies are modelled through a so-called &aebef learning curve, in which their price

declines both with investments in dedicated R&D wiitti technology diffusion.

The base year for calibration is 2005; all monetaajues are in constant 2005 USD. The

WITCH model uses market exchange rates for intenmalincome comparisons.

3. Super-Grids: Major Characteristics and Modelling
Assumptions

This paper considers the production of solar thépoaer focusing on parabolic trough power
plants. Such power plants are characterised bysawh parabolic reflectors that concentrate
incident solar radiation on to an absorber, pasitibin the focal line of the concentrator,
converting it into thermal energy which is then didge generate superheated steam for the
turbine (Richtert al. 2009). More specifically, we consider collgstthat are able to track the
sun diurnal course by means of a single-axis systetnto store the equivalent of seven hours

of production at the nominal plant capacity.

Power production with this kind of technology isosigly influenced by solar irradiance and

atmospheric conditions. Solar thermal power, irt,famploys only direct sunlight, therefore it

is best positioned in areas, such as deserts, esteppavannas, without large amounts of
humidity, fumes or dust that may deviate the sunise@Richteret al. 2009).

For these reasons, this paper focuses on desexs aeh high values of Direct Normal
Irradiatiorf that are found in the MENA regi?)rin the north of China and the South-West of
the United States (Richtet al. 2009; Trieb 2009b; IEA 2010c). In this versioihthe model,
the geographic location of the power plants canb®tendogenously chosen. Production is

modelled as if positioned in one unique point cbmdzed by the average regional conditions.

programs. However, avoided deforestation is natwce of emissions reductions in the version of the
model that we used for this study.

® Direct Normal Irradiation (DNI) is the amount aflar radiation received per unit area by a surthee

is always oriented perpendicular (or normal) to she rays. It is usually expressed in kWhower a
period of time.

® Sand storms seem not be a major problem for C8Rmplants in the Sahara desert as they are rare. |
addition, for power plants that have thermal steragectricity generation can continue even when th
mirrors are protected to avoid damage from thenstor



The choice of the production locations — charaséeriby high and stable levels of irradiance —
and the inclusion of power plants equipped witlegnated thermal storage allows us to target,

at least partly, the problem of intermittency ofesgower.

The infrastructure that enables the trade of sktricity from MENA to Europe or to transfer
the CSP electricity within China or the USA - tlimtHigh Voltage Direct Current (HVDC)
cables and conversion stations — is costly arglribt adjustable in size, therefore in order for a
SG to be implemented there is the need for a sogmif and stable demand of such product. As

results will show, this is not a major modellingpplem.

The main problematic issue is related to the hiylestment costs, thus we need to evaluate the
economic convenience to invest in this technoldgy tvill ultimately determine its success. To
do so, different scenarios with and without thisi@pwill be analysed and compared to assess

the economic and environmental potential effecthisfoption.

In addition, for the MENA—Europe case where tragl@llowed, strong security of supply and
geopolitical issues arise, especially as this ntairkeolves two regions at different levels of
development and therefore more complex considesti@bove the economic ones, are

involved.

3.1. Modelling Assumptions: Supply

The SG is considered as an add-on to the existigigmal power system networks that enables
their connection. The costs related to modificatiomthe previous infrastructure that may need
to be implemented in order to manage and distributd electricity at the low voltage level are

not considered.

National power grids are dynamic structures thateha “history”, tied with economic,
technological and social preferences, that strowlgiiermines their evolution. Although it is
difficult to account for such issues, the WITCH rabdonsiders that these systems are not able
to take on any “shape” in little time, but needdim order to evolve, as investments in power
generation or transmission are long-lived. In tHisection, the use of a constant-elasticity
function (CES) makes moving away from an estabtishied differentiated energy mix costly.
The model starting values for each region are ol on the real situation at 2005 (Bosettti

al. 2007a).

First of all, we introduce the possibility to pradu solar thermal electricity. Electricity

generated with CSP can be consumed domesticaii}can be exported. Regions in which solar



irradiance is low and the opportunity cost of lasdrelatively high, can choose to import
electricity from abroad by exploiting the new teotogical options that allow transmission over

long distances with low losses.

The amount of CSP electricitflcspprod Supplied to the grid of each regions determined
combining in fixed proportionsi)(the generation capacity accumulated in each nefifiesp,),
measured in power units, corrected through anieffay coefficient (plant utilization rate)
Ucspn that indicates the number of yearly full load fethat a concentrating solar power plant
in the specific region may provideij)( CSP plants operation and maintenan®&Nicse,,,
measured in 2005 USD, converted into energy unité:hs (iii) the capacity of the SGK{iq,n)

to transmit electricity from remote areas to thealogrid, measured in power units, with its
efficiency coefficient ugign; and (v) operation and maintenance for the SG&Wgig,n),
measured in 2005 USD, converted into energy unit§;k. The production function of CSP

electricity is synthetically represented by thddaing Leontief function:
Elcsp prod (1) = min{ HespnKesp(n1); BesfO&M csp(n 1); Hgrig nK grig (0.1); grig O&M grig (n,t)} : 1)
Power generation capacity in CSP accumulatesfaloivs:

I csp(nit) )

SCesp(nt)

where | .sp(n,t) represents the investments in concentrated solaempplants made by regian

Kegp(nt +1) = Kgp(n )@= Ocsp) + (2)

at time t, Scsp the CSP capital depreciation rate, &G.sp the unit investment cost of

installing CSP generation capacity.

Investment costs follow a one-factor learning cuttepending on cumulatieworld capacity
in CSP power plantsTK) and decrease as experience/technology diffusioreases. To take
into account the limited expansion possibilitiegath time step — due to supply restrictions on

intermediate goods — unit costs also increase imitbstments in the same period and region:

( leselnt +1) j ’
TK(t) =@ 1+ SCesplnt +1)
TK(to) B

SQ:SP(n’t "'1) = SCCSP(n'tO) (3)

% The cumulative capacity is calculated aggregatiag each time step — installed capacity of aliaes;
gross of depletion.

10



The investment costs in the SG infrastructure hawe been simply modelled as higher
investment costs for the production of the solartial electricity for export, as they are not
perfectly proportional to the amount of electrigiyported but are instead directly related to the
SG maximum capacity. Moreover, a separate fornaratiould enable to analyze the SG as an
electricity vector and therefore to test the eBeof exporting electricity generated from

different energy sources.

Theoretically, SG investments should not be modedie a continuous function with respect to
quantity. There is, indeed, a minimum amount ofestments necessary to allow for the
transmission between the two regions or two distarts of the same region. Though, our
simulations show that a continuous modelling of B@estments is not affected by this
constraint as solar power demand is large enoughpty sufficient grid investments from the
very beginning of its production. Therefore, we mloidvestmentsl;q ) and capital in the SG
infrastructure similarly to those for other techomks:

l grid (n,t)

Kgig (Mt +1) =K ig (M)A =Oyig) t——— -
grid grid grid chrid 1)

(4)

If investments in transmission infrastructure — itee SG — are sufficient to cover the distance
between the networks of two regions, the elecyrifiom CSP power plants can also be
exported. The production function for exported CSectricity differs from the production

function of CSP electricity consumed domesticatyydor different grid requirements:
Elcspx (0,) = Min{ 2 ,csi csp(n); BesfO & M csp(n,1); £ x Kgria x (11); 04 O& Mg x (00}, (5)

where the indexX stands for exports. Therefore, electricity fromPC@oduced in region at

timet must be equal to domestic production plus exports:
Elcsp prod (M 1) = Elegp(n, t) + ELcgp x (N11), (6)

With ELcgpy (n,t) <0 in importing regions an ELcgpx (n,t) =0 in regions that are not connected

to an international electricity grid.

Investments in CSP generation and in the SG imfraistre together with th©@&M costs enter

the budget constraint:

Cnt)=YMt)—Is(nt)- Z PwZy () = lesp(nt) =1 grg (N1) —O& Mgp(n,) —O& Mg (1), (7)

11



whereY is net output of the economly,is the investment in the final good secz PwZy (N,t)

w
is the expenditure for investments in the energtosein R&D and other expenses that are
detailed in Appendix A.

3.2.  Modelling Assumptions: Demand

In the model, electric power usgL) is an aggregate of electricity generated by thBous
sources, combined using a CES function:

EL(n,t) = [EL (0,t) * Ghuyoro(n) ELvoro(M )] (8)
ELy (1) = e (1) FF (0,075 + e (M) EL e (0075 + e (1) Ly s [ /75 ©)
ELyue (n,t) =[ ELyucrear(Mt) + ELgackstodnt)] ; (10)
FF (1.0) = [acon (M ELcon (0075 + @y (1) ELoy (D7 +acus(n)ELaas(nty® |7 ; (12)
Elcoa(n.t) = [ELpc (01) + ELigee (0] - (12)

All of the above quantities are endogenously detethin the optimization process except for

hydroelectric power that is exogenous.

In our simulations, electricity from CSP power wdhter various nodes depending on the
region. Section 4 will give a more detailed degaip of the various assumptions. For further

details on the structure of the model see Bosttti. (2007a).

3.3. Electricity Trade

The equilibrium of the international market of C&Ectricity requires that demand and supply
are equal for each time period:

> Elegp x (W) =0 L. (13)
n

The market clearing pricéP€sp is the price that will determine the trade flowWée revenue

(expenditure) for CSP electricity is added (sulidifrom the regional outpuY):

GY(nt)

Ynt) = Q(n,;) Zq: pqvq(n't)+ Elcse x (0t Resp(t)

: (14)

12



whereGY is gross output(2 the damage functidhand z PeVy (n,t) the sum of expenditures,
q

as better detailed in Appendix A.

4. Calibration

Economic data on solar thermal power plants arentdkom Kaltschmittet al. (2007). More
precisely, we consider parabolic trough power gantith nominal capacity of 50MW each,
100% solar share and equipped with integrated thlestorage units for 7 hours. The latter

characteristic helps to deal with the intermitterssues of solar power.

The overall investment costs for such power planésestimated at 260 million euro, while the
operation and maintenance costs amount to appréelyna.1 million euro per year. The data
refer to state-of-the-art technology and to inatadhs in a geographic area with a high share of
direct radiation (Kaltschmitet al. 2007). These investment costs are also in Witk those
expected from the latest Californian developmertdjgut: the Blythe Solar Power Project
(Streater 2010).

Parabolic trough power plants are one of the sthlarmal technologies for which more is
known about the real market costs as some instadkahave already been built. Existing plants
include the SEGS plants in California, Nevada OnBlévada and the Andasol Plants in Spain.
Installed capacity in 2009 was 500 MW, while undenstruction or proposed capacity
currently exceeds ten thousand MW (Richeeral. 2009). We have modelled a learning by
doing effect with a progress ratio of 90% as suggbs Neij (2008) and IEA (2010c). This
means that investments costs are reduced by 1@eeay doubling of the installed capacity.
Estimates in the literature vary from 85% to 92%dEnodal Engineering Limited 1999; IEA
2003, 2010c; Kearney 2003; Neij 2008).

Data on Direct Normal Irradiation (DNI) are takeorh the U.S. National Renewable Energy
Laboratory (NREL) estimates available from the NAS#nospheric Science Data Center. This
dataset uses NREL's Climatological Solar Radia{ic®R) Model which accounts for cloud
cover, atmospheric water vapor, trace gases, armb@ein calculating the insolation with

measurements checked against ground stations \ataitable.

1 Note that, as discussed in Section 2, in this wegldo not include the damage function as we take a
cost-minimization approach.
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For MENA, we consider delocalised production irfatiént sites in the Sahara Desert region as
currently discussed (Trieb 2006; Trieb and MulleziShagen 2007); for China we have chosen
the Tibet area around the city of Xigaze, as onthefoptions described in Chien (2009), and
for the USA we consider production in Arizona, arduPhoenix, as it would be the most

productive part of the country.

The number of full load hours of operation per yefathe reference plant in the various regions
is taken from Trieb (2009b). Such value for MENAadso available in Kaltschmitet al.
(2007).

For what concerns the Super-Grid infrastructuret thlaould transmit the CSP power,
connections lines in the order of thousands of kawehbeen assumed. We consider High
Voltage Direct Current (HVDC) cables that connegiot AC-DC converter stations.
Transmission power losses are in the range of 394360 Km, while HVDC terminal losses
are 0.6% per inlet or outlet station (May 2005)wBotransmission over distances of 3000 Km
entail transmission losses around 10%, while higllage alternating current (HVAC) cables

would cause power losses of around 20% and higlvestment costs (Breyer and Knies 2009).

Estimates of investment costs for such infrastmectary in the literature and depending on the
characteristics of the cables: voltage, power dapand overhead/submarine. We consider
cables with 5GW of power capacity and +/- 800 k\tage, and costs have been extrapolated
from May (2005) and Trieb (2006). The adaptatibthe values presented in the latter papers

to our conditions has led us to use the estimatsepted in Table 1.

For the Europe-MENA interconnection we assume anecting power line of 3000 Km as in
Czisch (2004), Trieb (2006), and Bawtal. (2009). More specifically, we consider cortiat
lines of overhead and submarine cables in the dditiéd and ¥4 respectively. Such lines would
allow the connection of the most northern partthef Sahara with Scandinavia or more inland
areas with the centre of Europe, considered tottasi®urg. For China we consider overhead
transmission lines in the order of 2800 Km, caltadaas the average between the distances of
Xigaze from three of the major industrial centrBsijing, Shanghai and Guangzhou. For the
USA, we assume the transmission of the electrigdgyerated to be split in half between the
West Coast and the East Coast. Considering PhdemsxAngeles and New York as reference

points this entails overhead transmission lines7at and 3447 km respectively.
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Production Full load Invest. Cost Invest. Cost

i 0&M 08&M
Region Location DNI hours CcsP csp SG lenght SG grid
(-) (KWh/m*/year) (h) ($/kW) ($/kW) (km) ($/kW) ($/kW)
CHINA Tibet (Xigaze) 2300 4110 6500 127.5 2800 329 6.6
MENA Sahara Desert 2190 3680 6500 1275 3000 336 6.7
Arizona
USA (Phoenix) 2600 4600 6500 127.5 577 and 3447 277 5.5

Table 1. Parameter assumptions overview

In this first analysis of the impacts of Super-Gridie have focused on the Europe-MENA case
as investment projects and financing options areadly taking shape (Trieb and Mdller-
Steinhagen 2007). We have then added the caselimd @nd the USA as they are the largest
emitters of GHGs and include in their territory Hlig productive areas for CSP electricity.
Domestic SGs have been considered as such elgctriarkets are likely to remain closed in
the next decades. Future work will include AustraBrasil and Indonesia as these are the other
world regions with the most potential for CSP pretihn (Trieb 2009-b).

In our simulations, CSP electricity directly substes electricity from Oil and Gas in MENA, as

these are its major power generation souréegse,.iandELcsp gasare added to equation 11).

_ con(N)ELcoa (NP +ag, (n)(ELO”_ (n,t) + ELcspoi (n,t))”FF £

FF (nt)= (11bis)
+ aGAS(n)(ELGAS(nvt) + E'—csp,gas(n't))pFF

For all other regions, CSP electricity enters ireci competition with nuclear poweEl(c;, is
added to the right-hand side of equation 10) ardd@ower with CCSELc, is added to the
right-hand side of equation 12) as these, togethigh renewable sources, are the most
promising options to target Climate Change. Itnteiiesting to study these two technologies

also because their expansion may be limited byegsii public acceptability.

Elnuke (n,t) = [ ElnucLear(Mit) + ELgackstodNt) + ELCSP,nuke(nvt)] ; (10bis)

Elcoa(nit)= [ELPC (n,t) +ElLjgec (n) + ELCSP,ccs(n't)] : (12bis)

We model CSP as if it was the backstop technolaging shape. All regions without the CSP

option still have the classic formulation of a genelectric backstop technology.

A sensitivity analysis of the key parameters iregd in Section 8.
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5. Simulation Results

To analyze the potential economic and environmesiffgicts that the introduction of a CSP
powered Super-Grid — among the options to redueeetéctricity sector’s carbon footprint —
may have, we have modelled and analyzed differeternpial climate stabilization policies
and/or technological evolution scenarios. More igedg, we analyze a “business as usual”
scenario where no climate policy is in place aretdfore there is no market value attached to
CO, emissions and four different stabilization scemmivhere instead a global climate policy is

enacted, imposing a limit on greenhouse gas emissio

The policy tool considered is a world carbon maikethich carbon allowances can be traded
among regions without limits. The allocation of lwam permits follows a “Contraction and
Convergence” rule, which assigns global emissiargets to each region, initially in proportion
to current emissions and then, progressively, ap@irtion to each region’s population, with the
aim of reaching similar per-capita emissions by ¢hd of the century. To be able to achieve
such emission targets, the twelve regions of thdahbave the possibility of undertaking the
following actions: i) reduce consumption of energy) change energy mixiii) trade emission

permits; (iv) reduce emissions from LULUCF and esiuss of non-C@gasses.

More in detail, the scenarios analysed are:

* Business as usuali.e. no climate policy and therefore no restastion GHG
emissions (indicated as “Bau”), however energycafficy and other technological
options can be implemented for domestic concerns;

* Unconstrained Stabilization. GHG atmospheric concentration needs to be stadili
at 535 ppm C@equivalent by 2100 (indicated as “U-Stab”);

* Constrained Stabilization with limit on Nuclear Power. U-Stab + constraint on the
expansion of Nuclear Power that cannot exceed B8@%s (indicated as “NC-Stab”);

» Constrained Stabilization with limit on CCS. U-Stab + no possibility of executing
Carbon Capture and Storage (CCS) operations (itedices “CC-Stab”);

» Constrained Stabilization with penetration limits on Nuclear power and CCS.U-
Stab + NC-Stab + CC-Stab (indicated as “NCC-Stab”).

The choice of the constrained scenarios relatabdadiscussion on nuclear power and CCS
operations detailed in Section 1. Other studies{2C10, PricewaterhouseCoopers 2010) also
include scenarios with no CCS nor nuclear poweapgn.

All of the above scenarios include the possibiiitythe USA, China and MENA to produce and

domestically consume CSP electricity and for Westend Eastern Europe to import from
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MENA. Moreover, all scenarios include a constraintdomestic renewable sources: regional
Wind and Solar electricity generation cannot exc2gth of the total regional generation. This
is due to the incapability of current power systemsanage large percentages of intermittent

electricity source¥’

In addition to these different climate policy sceos, we also simulate all the corresponding
cases without the possibility to produce or tradePCpower to use as counter-factuals and
evaluate the effects of the introduction of the @®®ered Super-Grid (the latter are indicated

as “policy_name- without CSP” in the graphs).

One of the main interests of this work is to evidute economic convenience of the Super-
Grid with CSP-power option. Indeed, we have alloweée regions to produce CSP power and
transmit it over long distances. Our results shioat tt is optimal to invest in such technology
under various scenarios. In particular, we find tbaMENA CSP is not only a valid mitigation
strategy, but it is also an economically viable egation technology even in the absence of
climate policies. For the USA and China this ietanly if we insert penetration limits to other

zero-carbon technologies such as nuclear.

Figure 1 reports the optimal timing, quantity proed and installed capacity of CSP electricity
generation for MENA, USA and China. In the BaU sém MENA is the only country for
which it is optimal to produce and consume CSP ppwds means that CSP in MENA
becomes competitive with other generation sourges @ the absence of concerns about CO
emissions. For MENA, it is optimal to generate (G&®n 2040 under all stabilization policy
scenarios, while for the USA and China it is fiogttimal for those scenarios where there are
limits to the penetration of other low-carbon tealogies and only later for the unconstrained
stabilization case. In the USA, at the very endhef century, CSP becomes competitive with
nuclear and IGCC with CCS and is therefore a vialgton under all stabilization scenarios.
Overall, we see that it becomes optimal to prodi8e electricity starting from 2035-2040, but
this source becomes important only in the seconiddfighe century. The quantity produced
increases over time and tends to be larger withnger technological penetration limits. The
costs of electricity production with the differeméchnologies, divided into three cost
components related to capital, fuel and,@missions, that emerge from our simulations, are

reported in Appendix B for reference.

12 Note that this 25% limit does not apply to the GS&ttricity.
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Figure 1. CSP Installed Capacity and Electricity Gaeration
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Figure 2. Super-Grid Installed Capacity — Europe-MENA

In absolute terms, China is the region with thegdat production of CSP electricity, followed
closely by the USA. This is explained by the sizeh@ Chinese economy, which reaches the
USA at the end of the century in our BaU scendriecall that the total quantity produced by

MENA shown in Figure 1 includes both domestic congtion and export to Europe.

Moreover, simulations show that the unconstrairtaBlikzation converges to the stabilization
with no IGCC power with CCS and that the stabil@atwith limited nuclear power production
tends to the stabilization with both penetrationit$; this is due to the fact that the importance
of CCS in the electricity mix decreases towards ¢hd of the century. This technological
option is not completely carbon-free (the captate is assumed to be 90% in line with current
technological predictions), and towards the endthaf century the residual 10% of GHG
emissions becomes significant. Notice though, thatestic consumption of CSP for MENA is
not very sensitive to the different policy scenaribigure 1); the differences that can be seen in

Figure 1 mostly depend on the import demand fromofe.

Figure 2 shows the installed capacity of Super-@rfcastructure for MENA that allows the
export of CSP electricity to Europe. The sensyivif import demand with respect to the
different policy scenarios is evident. For the U8Ad China the installed capacity of Super-

Grid is equal to the CSP capacity shown in Figure 1

Figure 3 reports the paths of investments thatreeessary for building the CSP and SG
capacities depicted in the previous Figures. Smirends of convergence between scenarios

can be identified. Notice also that while capapitgsents a clear increasing trend until the end
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of the century, investment costs follow a very a@iéint trend highlighting the strong

Learning-by-Doing effect of technology diffusion

In all cases, the investments needed for the ami&in of the Super-Grid infrastructure are
significantly lower than those for the generatimwpr plants and range between 1-9% of the
total investment costs for MENA, 5-15% for the USAheir share increases over time as we

have assumed non decreasing investment costssf@uper-Grid infrastructure.

The cost paths depicted in the left panel of Figurepresent the weighted average of the costs
across regioni$ that we obtain for the four policy scenarios. Tain decreasing trend is
induced by world cumulative capacity that is queensitive to the policy scenario. There are
some differences in the regional investment cosestd the component of the investment cost

that mimics short term frictions (see Eq. 3).

Our results also show that investment projects Medliterranean SG that connects the power
networks of MENA and Europe are optimal under ¢ersgenario conditions. Figure 5 shows
how the total CSP electricity generated by MENAdigided between domestic consumption
and exports to Western and Eastern Europe, unéedifferent policy scenarios considered.
Indeed, the graph shows thd: thost of the electricity produced is for domestimsumption,
and (i) that a market for this electricity and its tramssion over long distances does arise.
More in detail, it results optimal to invest in sutrade projects only in the presence of a
stabilization policy and mainly in the second tafifthe century. We will discuss with greater

detail the optimal timing of investments in Sectin

The later and lower consumption of CSP electribigythe European regions, compared to the
other regions is related to the lower solar intgnsbnsidered for MENA and to the fact that for
Western and Eastern Europe the import of CSP &liggtconstitutes a net loss and not an

expenditure that induces positive effects on osleetors of the domestic economy.

Both domestic consumption and exports increase twe, but exports seem to be more
sensitive to the various policy cases. This is tgadne to the fact that MENA has low levels of
generation with both nuclear and IGCC with CCS poplants. Differences in production for
domestic consumption by MENA depend on the varjimgestment costs associated with

installed capacity at the world level.

13 Investments needed to build CSP capacity andupersyrid in China are similar to those neededhén t
USA.
 This is the average of the regional costs weightethe amount of production of the region.
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MENA - CSP Export Market Size Europe - CSP Annual Exenditure

Bau U-Stab NC-Stab CC-Stab NCC-Stab Bau U-Stab NC-Stab CC-Stab NCC-Stab
Annual Revenue (Billion $) Western Europe (% of total GDP)
2040 - - - - 2 2040 - - - - -
2055 - - 111 87 218 2055 - - 0,28% 0,20% 0,54%
2070 - 95 254 129 291 2070 - 0,19% 0,54% 0,25% 0,61%
2085 - 135 324 154 340 2085 - 0,23% 0,60% 0,26% 0,62%
2100 - 155 368 168 375 2100 - 0,24% 0,60% 0,26% 0,62%
CSP GDP (% of total GDP) Eastern Europe (% of total GDP)
2040 - - - - 0,03% 2040 - - - - 0,07%
2055 - - 1,39% 1,10% 2,69% 2055 - - 0,67% 0,78% 1,57%
2070 - 0,81% 2,14%  1,10% 2,45% 2070 - 0,61% 1,34% 0,88% 1,60%
2085 - 0,84% 1,99% 0,95% 2,09% 2085 - 0,75% 1,45% 0,86% 1,54%
2100 - 0,75% 1,76%  0,81% 1,80% 2100 - 0,75% 1,44% 0,81% 1,48%

Notes: Bau = Business as usual; U-Stab = unconsttastabilization; NC-Stab = constrained stabilaratvith cap on nuclear; CC-
Stab = constrained stabilization with no CCS; NG@bS- constrained stabilization with cap on nuckead no CCS.

Table 2 — MENA CSP Export Market Size and Europearexpenditure relative to regional GDP.

The fact that the largest part of the CSP prodadipp MENA is for domestic consumption is an

important result from a policy point of view. Indkdhe discussion around deployment projects
needs to be concerned not only with export demlantdalso domestic demand, that is likely to
increase even further as opportunities for carlea-and relatively cheap desalinization are

included in the modelling framework.

The right panel of Figure 4 shows the market clepprice for the Euro-MENA CSP electricity
trade under the different scenarios. The priceshdscreasing trend that is related to investment
costs. It starts — in the most extreme case — fu@nover 30 c$/kWh and decreases to 10-11
c$/kWh at the end of the century. The large priffer@nces at the beginning of the trade are
due to the different costs of production that aftsethe different scenarios. As discussed in
Section 3.1, investment costs for MENA strongly efegh on world cumulative capacity, that is

very sensitive to policy and technological penéatratimits.

Table 2 indicates the money flows induced by tlaeldrand their relevance with respect to
regional gross domestic product (GDP). The investmdor the construction of the SG
infrastructure range between 1-26 billion US$ pearyin absolute terms and, in relative terms,
between 0.02-0.27% of the GDP of MENA. The annumlestment effort needed for the
deployment of the CSP capacity and the SG infrastra is not far from the aggregated
budgeted government expenditure on infrastructdrgasious MENA countries in the next
decades. Therefore, MENA would be able to havectinearole in such development projects,

and funds need not to be necessarily European.
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Figure 6. Regional Concentrated Solar Power use
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In these simulations, domestic consumption of CSMENA enters in direct competition with

electricity generated with oil and gas.

Figure 6 shows in what scenarios and how much efcinsumption substitutes each of these
hydrocarbon sources. CSP power substitutes botlanall gas generation in all stabilization
policy scenarios; in the first half of the centayd in the business as usual scenario, instead,
only the more expensive oil fuelled power generat®substituted by CSP. Similar graphs are
also plotted for the competition between CSP andeam and IGCC with CCS power for
Western Europe, Eastern Europe, the USA and CHihe. graphs relative to Western and
Eastern Europe and China, clearly show that CSBtisuies nuclear power only if limits on
penetration are imposed. IGCC power with CCS iscoatpletely carbon free and therefore it is
more easily substituted. In the USA the higher lodld hours make generation costs for CSP
power lower than in other regions, up to the lawelt makes CSP competitive with nuclear
power; therefore in the USA, after 2070, CSP stiliss both IGCC with CCS and Nuclear

power even without limits on the latter.

Although CSP is in direct competition only with tvgpecific generation alternatives for each
region, it can ultimately substitute all generatgurces. Indeed, the availability of the CSP

option has quite relevant impacts on the elecyrigitneration mix of the various regions.

Figure 7 shows the electricity mix of the five reg$ that we are studying together with the
global electricity mix. We present the differentipp scenarios at three time steps: 2030, 2050
and 2100. In the business as usual scenario the soaices of electricity for Western Europe
are fossil fuels (in particular coal and gas), eaclpower, and renewable sources. Over time
there is a contraction in the electricity sharga$, oil and coal and an increase in the share of
wind and solar power. The introduction of a climatabilization policy (without technological
penetration limits) induces a contraction of akdib fuel sources — especially coal — and the
appearance of IGCC with CCS. There is an expansiomuclear power and renewable
resources, though the latter are limited by thestamt on domestic wind and solar power.
When generation constraints on nuclear power dredaced, the latter contracts and the share
of hydrocarbon sources (especially IGCC with CCS®meht is allowed) increases until CSP
starts to have a relevant share in the mix. Whe&dd@roduction with CCS is not allowed the

nuclear share expands significantly.

By the end of the century, the Western Europeactredégy mix is dominated by three main
sources: nuclear, domestic renewable power inautydroelectric power, and imported CSP

power; generation with fossil fuels becomes irratdv In particular, in the scenarios where
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limits on nuclear power expansion are imposed, @gfrts become the single most important

electricity source.

In the scenarios without the CSP import option, \ttiestern European electricity mix is still
dominated by nuclear and domestic renewable ressuttiough a relevant percent is still
generated by fossil fuels: mostly IGCC with CCS aad, i.e. the less carbon intensive fossil

fuel sources.

The electricity mix of Eastern Europe is dominateg hydrocarbon generation. In the
stabilization cases, this dominance characteriseditst part of the century through to mid-
century with IGCC with CCS, where available. In $econd half of the century the role of
imported CSP increases of importance, especialliha@se scenarios where nuclear power is
limited. By the end of the century, in the preseata climate policy, electricity production is

based on nuclear power and domestic and importexivable sources.

The corresponding scenarios without the optiomygidrting CSP from MENA are dominated
by nuclear power with a strong share of IGCC wit@SCwhere these technologies are not
limited. In the presence of a limit on the expansb nuclear power, and even more so with the

additional limit on IGCC with CCS, the amount oéeticity consumed is strongly decreased.

The electricity mix of MENA is dominated by gas geation. With the introduction of a GHG
stabilization target, hydrocarbon generation startdecline around 2045 and is substituted with
CSP production. An increase in the share of IGCtA WICS - where available — and traditional
renewable sources is also visible. At the end efddntury it is optimal to produce a very large
share of electricity with CSP also in the Busin@ssisual scenario. Stabilization scenarios reach
90% generation with CSP. Similar penetration shaeesn to be not easily sustainable, but are
coherent with the fact that, in the current versithe model, CSP costs do not increase as the
generation share increases. When high levels oftmion are reached, costs for CSP
generation should be increased due to the diffexilin managing such large shares of solar
energy, and consequent need for extra storagecrugacapacity. We have not included this in
the model because in the literature CSP with thestosage is considered as a good candidate
for base-load power generation (Trieb and Mullexh8tagen 2007,Trieb 2009; IEA 2010b).
Though, extreme shares like the resulting ones imagduce the need to extend the thermal
storage capacity (leaving a 100% solar share)eocdmsideration of differently-fuelled back-up

capacity.

In the absence of the CSP option and in the presefia climate policy, the amount of

electricity consumed is strongly reduced.
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Notice also that the differences between the uricained stabilization and the stabilization

with limit on nuclear power, and also those betwdenCCS constrained scenario with the one
with both penetration limits, are due mainly to ttifferences in investments costs of CSP
related to world installed capacity, as the limitrmuclear power should be un-influential in the

domestic electricity mix of MENA.

Under a Business as Usual scenario, the main gemesources in the United States are coal,
nuclear and gas. With the introduction of a climaiicy the share of pulverised coal
generation is drastically reduced substituted rgaoyl IGCC with CCS and Nuclear power —
where available — or gas. Towards the mid parthef ¢entury renewable sources drastically
increase their share of electricity generationeesply CSP. By the end of the century- in the
stabilization scenarios — CSP generation reachés. 7The other generation sources are

traditional wind and solar and, in small part, maclpower.

The Chinese electricity mix is instead dominatedcbgl and hydro-electric power. With a
stabilization policy, pulverised coal is substititey IGCC with CCS and nuclear power, where
these technologies are available. Starting forrmiteepart of the century it becomes optimal to
generate electricity with CSP and this technologyeasingly gains importance, reaching very
large shares by the end of the century, espeaidiign nuclear power is limited. Fossil fuel
generation, that is the largest source of eletyrigi the Business as Usual case, almost

disappears in the stabilization scenarios.

Also for both the USA and China, in the absenc€8P, nuclear power is the main source of
electricity together with IGCC with CCS. In the pesce of a limit on the expansion of nuclear
power, and even more with the additional limit @CIC with CCS, the amount of electricity

consumed is strongly decreased.

The changes in the single regions also indiredfiscathe decisions of the regions that do not
have the possibility to generate or consume CSPhand an aggregated effect on the world
electricity mix, via prices in fuels and emissioarmits (Figure 7). In a Business as Usual
scenario electricity is generated using mainly ptised coal, nuclear, gas and renewable
sources, such as traditional wind and solar anddagtéctric power. As for the regional cases
analysed before, the introduction of a GHG emissiwget reduces the share of pulverised coal
in favour of nuclear power and IGCC power with C@8d renewable sources. When an
expansion of the former technologies is not avilalgeneration with gas becomes more
relevant. Starting from 2045-2050, in the preseote stabilization policy, CSP generation

starts to have an increasingly important role remrhlmost 50% of the generation share when
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nuclear power is limited for social and politicabsons. In the Business as usual scenario world
electricity mix, it is still optimal to produce elgicity with CSP, though only at the end of the

century and with its share reaching only 4% ofttial.

More in detail, Figure 7 highlights how — espegidibr the cases of Western and Eastern
Europe and at the world level — potential limitsniaclear power and/or CCS operations can
change the relative importance in the electricitix mf CSP generation and long-distance

transmission through a Super-Grid. This is a refewaessage in a post-Fukushima world.

We are also interested in evaluating the impacti®introduction of the CSP-powered SG on
the global market of GHG emission permits. Figureegorts the price of the GHG emission

permits over time for the four different stabilizet policy scenarios. Compared to the case
where the CSP-SG option is not available, our samuhs show a strong reduction in the size of
of the emission permit market. This is relatedhe tact that very large emitters such as the
USA, China and Europe have an additional mitigatgution, that towards the end of the

century, in the presence of a significant diffusiminthe technology, becomes economically

interesting.
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Figure 8. Market price for GHG emission permits

Moreover, we are interested evaluating the rol8wder-Grids in lowering the costs of climate
policies. Indeed, Figure 9 indicates for each neglwe difference in the overall discounited
policy costs for the four stabilization scenaricaglculated as the loss of GDP with respect to the

business as usual scendti@ll four stabilization policies entail a loss &DP for all regions.

!> The discount rate used is 5%. In Appendix B wereghe results also for a discount rate of 3%.
'8 For the cases with penetration limits, these §raite also imposed on the reference business ak usu
scenario used for the comparison.
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As it would be expected, the scenario with thetleasber of constraints is the less costly one,
except for MENA. This is due to the fact that itskstic demand is little sensitive to limits on
nuclear power or CCS activities, but the deman@€8P by Western and Eastern Europe — as
that of the USA and China — instead, increaseshastd¢chnological constraints are added,
inducing a larger diffusion of the CSP technology aherefore lower unit costs for the almost

stable domestic consumption.

In aggregate terms, having the possibility to impelectricity from CSP power plants in
Northern Africa decreases the stabilization pokogts by between 5 and 27% for Western
Europe and between 6 and 27% for Eastern Europga@d to the corresponding policy cases
without the CSP-SG option. For the USA and Chireséhpolicy costs are reduced by between
12-37% and 25-47%, respectively. MENA reducesoissés by between 44 and 66%.
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Notes: The values are aggregated over 2005-210ahendiscount rate used is a declining 3% rate.
Bau = Business as usual; U-Stab = unconstraindadlistdion; NC-Stab = constrained stabilization

with cap on nuclear; CC-Stab = constrained statiin with no CCS; NCC-Stab = constrained

stabilization with cap on nuclear and no CCS.

Figure 9. Aggreagated Discounted (5%) Policy Costsith respect to Bau

Such a large deployment of CSP electricity genemadind its transmission over long distances
to reach highly populated and electricity-demandingas necessarily implies a large footprint
in terms of land and infrastructure. Indeed, Tableports the mirror surface needed for such
production levels. Notice that 5/8 of the surfagdar direct electricity generation, while 3/8 is

used for heat-storage operations for overnightveraast electricity generation.
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MENA - domestic MENA - export USA CHINA
U-Stab NCC-Stab U-Stab NCC-Stab U-Stab NCC-Stab U-Stab NCC-Stab

Mirror Surface for generation and storage (‘000 sq km)

2040 0,1 0,5 - 0,0 - 1,0 - 0,6
2060 4.8 5,7 0,9 5,7 4,7 12,4 9,0 15,7
2080 8,2 8,5 3,1 8,0 15,0 16,8 18,5 221
2100 10,6 10,5 4,1 9,2 19,6 19,5 22,7 25,5
Number of HVDC cables for the Super-Grid
2040 - - - 0,3 - 19 - 11
2060 - - 17 113 92 242 176 307
2080 - - 61 156 294 329 362 433
2100 - - 81 181 384 382 446 500

Notes: U-Stab = unconstrained stabilization; NC&bSt constrained stabilization with cap on nuclear
and no CCS.

Table 3. CSP mirror surface and HVDC cables

To help the visualization of the amount of land dezk for production, note that the mirror
surface needed by MENA — in the most extreme cdssravpenetration limits are imposed on
both nuclear power and IGCC power with CCS — fgragkgeneration is similar to the surface
of Cyprus, while for total production (domestic samption plus export) is similar to the area
of Slovenia. If we compare the total surface of $ahara desert to the portions needed for the
CSP mirrors for domestic consumption and expok&stern and Eastern Europe, we find that
the latter, although very large, correspond to &861000 and 1/1000 of the available surface,

respectively.

Table 3 also reports the number of 5GW HVDC calties$ would need to be installed for the
transmission of CSP electricity within the USA, @hiand between MENA and Western and
Eastern Europe. Notice that the number of cabledeattis very high, especially if compared to
the existing or planned interconnections. Thereferenarios of this kind pose very strong
engineering and administrative challenges for th#ha@ization and implementation of such

infrastructure.

Such large shares of CSP electricity consumptiahteate pose not only large engineering and
administrative challenges but also political on€ke next Section analyses the effects of
coordination between producing regions, here wetwanvery briefly discuss the energy
security implications. Indeed, scenarios of petietnashares of imported electricity - for
Western and Eastern Europe - like the kind thakeh&werged in our analysis are difficult to
sustain politically as they go in the direction in€reasing energy dependence from foreign

sources. More precisely, if the CSP trade optioaveslable, both Western and Eastern Europe
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increase their import dependency - in the secorfddfighe century - under all stabilization
scenarios. Indeed, import dependency for WestedrEastern Europe, analysed together, starts
at 52%, close to current levels of import depengafcEU-27, and grows up to 66% in 2100.
Scenarios without the CSP option have much lowsezlseof import dependency but also lower
levels of energy consumption and GDP. For the mssims usual scenario import dependency is

not influenced by CSP electricity as import is aptimal.

Though, it needs to be noticed that the marketstra - that is similar to a dual monopoly -
and the high level of investments needed to bbikddonnecting infrastructure, that is difficultly
re-convertible, make the switching costs of stogpim import or export very high, once the
infrastructure is built. Therefore, stability inmdand or supply is — at least theoretically — more
likely than in other markets where the traded gocais be easily sold to different demanding
countries. On the other hand though, the direcheotion of the Europe-MENA Super-Grid to
the European power network makes the latter vubteranore than for imports of primary
energy sources, due to the absence of time-lagsebat import and use of the imported
electricity. Even if the benefits for MENA countsieare large — indeed CSP plants enable
electrification, diversification of energy supplipat may increase the hydrocarbon sources
available for export, zero-carbon desalination aftex, job creation and a valuable stream of
revenue from exports — the present political coolit do not guarantee a stable supBlfore
any trade can take place there is the need to lauitiong and solid cooperation between
countries, able to generate reciprocal trust. leuamalysis will be at a greater geographical

detail and will be able to analyse this issue npsafoundly.

6. Anticipating investments in CSP

The scenarios discussed in the previous Sectidoatelthat it is not optimal to invest in CSP

generation before 2035 for all three producingaergiand that significant investments should
occur only from 2050 onwards. Many studies and robghe discussion in the literature (Trieb

2006 and 2009; Trieb and Mduller-Steinhagen 2007 mémand Wheeler 2008; Richter 2009;

IEA 2010a, 2010b, 2010c), though, suggest thatsimrents should start much earlier, around
2020.

In Section 8 we examine how the optimal timing ofdstment changes with alternative
assumptions on CSP capital cost. We find that whencost of CSP drops by thirty percent,
investments occur earlier than in the central cése, always later than in other studies.

Therefore the differences with respect to theditere are due to: (1) much lower capital costs
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of CSP and Super-Grid (also thanks to subsidigy),nfuch higher costs or limits to the
penetration of other carbon free electricity getiematechnologies, (3) less opportunities for

energy efficiency improvements, (4) other non-thtegbenefits or positive spillovers.

In this Section we focus on the latter explanataomd we examine the role of learning
externalities. It must be recalled that the stashdaiution of WITCH is the outcome of a non-
cooperative game. Since the cost of CSP is govelogeal one-factor learning curve, regional
social planners do not internalize the knowledg#losers and invest less — and later — than

what it would be socially optimal (See Equatiori3).

We assume that MENA, China and the USA introduasbardinated policy that forces the
investments in CSP to be above a minimal thresfrolsh 2010 until 2030. This threshold is
different for all regions and varies over time miler to replicate the investment pattern in CSP
found in the “New Policies Scenario” of the Worladtgy Outlook 2010 (IEA 2010c). The
target remains to stabilize GHG concentrations3a ppm CQ equivalent by 2100, with no
limits to the penetration of nuclear or IGCC witRE power (indicated as “anticipated-U-Stab”

in the graphs).

The new scenario shows that a more rapid expamdi@SP determines a faster contraction of
investment costs, due to learning by doing (Figle However, after 2050 the learning effect
vanishes and costs converge in the two scenarfter. 2030 the USA and China stop investing,
while MENA keeps adding CSP capacity. When the U@ China resume investments in

2045, they add much more capacity than in the W-Stenario because the cost of CSP is
lower. However, they rapidly converge to the inmestit pattern of the U-Stab scenario. CSP
electricity trade with Europe starts five yearsliegrin 2055, definitely later than in the

literature.

The forced anticipation of investments has positisdfare effects. MENA, CHINA, the USA
and Europe have higher discounted welfare thamenu-Stab scenario. The policy acts as a
coordination mechanism and internalizes the legrmrternalities. However, the discounted
consumption gains are very small. In MENA, the disded sum of consumption increases by
0.16% (5% interest rate) or 0.24% (3% interest)radfl other regions have much lower

consumption gains.

Therefore, learning externalities might motivate thtroduction of subsidies to invest in CSP

all in countries with high production potential. Wever, they do not suggest that it would be

" Externalities within each region are instead fitiiternalized.
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optimal for Europe to import CSP electricity befohe second half of the century, if there are

not major constraints on the expansion of nucledr@CS.
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Figure 10. CSP Investments costs for in the unconmsined scenario and in the anticipated
investments scenario.

7. Building a Mediterranean Power Market: Energy
Security and Regulation Issues

The literature and the debate over the possitiititdevelop an international Super-Grid across
the Mediterranean to exploit the solar potential Nirthern Africa have examined only

marginally two very relevant issues.

The most overlooked issue regards the securithefuture European power market if a large
fraction of electricity will be imported from MENA&ountries. CSP electricity covers from 18%
to 46% of total electricity consumption in Europe our scenarios. The Desertec concept
foresees 17% of electricity consumption from theNMA&egion. These large shares of imported
electricity represent a technical and politicallErae for the European power market, which is
now practically self-sufficient. Particular atteortimust be paid to avoid negative repercussions
from disruptions in the power supply from MENA caues. A sudden collapse of supply,
either intentional or un-intentional, would put thhbole European network under stress. A large
share of imported CSP therefore requires investsnenback-up capacity, which reduce the

convenience to displace electricity generation amthern Africa®®

'8 The Desertec concept is very optimistic on theetipyment pattern of Northern Africa and assumes
that the South Mediterranean region will have rdughe same economic power of Europe in 2050
(http://www.desertec.org/en/concept/questions-ars#e809). In Trieb et al. (2006), it is instead
recognized that trade of electricity across the éedhnean scenario will not become reality
automatically. A developmental path “enlarging ga” is not an exotic fiction, according to Trietad
(2006).
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Second, the creation of a large trans-Mediterranesrket for electricity requires the
establishment of an international regulatory agdnayversee the functioning of the grid and to
ensure the highest possible level of market coripetiUnfortunately, the complex institutional
aspects of a large Mediterranean grid have not besussed so far. We believe instead that
they should be moved on top of the agenda, befoyelarge investment project starts. The
investments in Super-Grids are so high and longdlithat generate a market similar to a
bilateral monopoly where there are both monopoly monopsony features. Therefore, market
price and output will, most likely, be determinesithe outcome of an international bargaining
process. A badly regulated market can cause santersational frictions and might eventually

jeopardize the establishment of the market itself.

In particular, countries part of the MENA aggregatight have the incentive to form a cartel to
sell electricity at prices higher than the margicas$t. This hypothesis is not unrealistic and is
supported by the historic ties that many MENA caoigsthave in the Organization of Petroleum

Exporting Countries (OPEC). The rest of this Secitodevoted to test this hypothesis.

In the standard solution of WITCH all regions api¢e takers” — i.e. they are not able to
excerpt any market power. This implies that inthk scenarios examined in the previous
sections MENA exports electricity at a price eqtmlits marginal cost. Those scenarios
constitute the best possible market structure fmopge. Therefore, in order to test if MENA
countries have the incentive to build a cartel weppred an additional set of scenarios. Instead
of letting supply and demand forces determine tlekat price, in these new scenarios we fix
the price of CSP electricity and we let demand stdjuiit. It is important to note that the returns
to scale to the CSP industry are linear, with spaatebeing a limiting factor. Therefore supply
can support any level of demand if the price isvalihe marginal cost. If the price is below the
marginal cost supply goes to zero and no markeesurilf the price of electricity is too high,
demand drops to zero because alternative carbengosver generation options in Europe
become more affordable. Figure 11 displays the muimi and the maximum price vectors for
which a Mediterranean market for CSP exists. Sweedo not pose any constraint to the

deployment of nuclear and CCS, the p-min pricayigaéto the price in the U-Stab scenario.

All combinations of prices and the correspondingrmgiies traded, included in the grey area,
are Pareto improving compared to the correspondingulations where CSP trade is not

allowed. We have tested three intermediate combmsbf prices.
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Figure 12. MENA Aggregated costs, Revenue and Predifrom CSP Electricity trade

We find that as price increases the quantity tradiscteases and therefore both revenues and
costs decrease (see Figure 12). Profits, definatieaglifference between revenues from CSP
sales and costs to generate and transmit elegtricitow an inverted-U relationship with prices

of electricity because demand in Europe — in paldicin Western Europe — is elastic and

domestic carbon-free options are available.

On welfare grounds, MENA’'s consumption and welféggels also follow an inverted-U
relationship with prices of electricity and reablkit maximum in correspondence to the price in
the vicinity of the price vector “p3”. Thereforepropared to the competitive equilibrium case,
MENA is better off with prices around those testeith vector “p3”. Western and Eastern

Europe instead are better off in correspondencle tli# minimum price vector where they are

35



able to import a larger amount of zero-carbon dldtt at lower prices. What the exchange
price will be will depend on the relative strengttighe regions in the bargaining process of the
long-term international agreements that necessaeigd to take place for the implementation of

the Super-Grid infrastructure to be possible.

The Desertec concept does not believe that MENAnitims might form a cartel because
Europe has the potential to generate CSP domégtaradl would discourage any monopdly.
We show here that there are instead incentiveBIENXA countries to behave as a block and to
supply electricity at a price above the marginatcblowever, prices cannot increase too much
because Europe can expand the domestic suppledfielpower from nuclear, coal with CCS
and renewables. Of course, the bargaining posgfdeurope gets weaker if the deployment of

nuclear and CCS is limited.

8. Sensitivity Analysis

In this Section we test the robustness of our teswy varying the values of the key input
parameters. We focus on the assumptions for CSEtrieiy generation, long-distance
transmission through a Super-Grid and its trade t&§ethe alternative assumptions using as a
reference case the unconstrained stabilizationesiterMore in detail, we test variationsteris
paribus of +5%, +10%, +20% and +30% of the reference vaitig(i) initial CSP investments
costs 6Cesp); (i) SG infrastructure investments cos&{iqs); and (ii-v) the parameters of the
cost function, related to the learning by doingeeff(x) and to the cost increase due to limited

supply of intermediate goods, ().

The graphs reported in Appendix B depict the charmaje() future investment costsj) trade

of CSP Electricity between MENA and Europe, aind (vorld CSP installed capacity, for the
alternative assumptions on the above parameterssifplicity, in the graphs we report the
values of the variables for variations of 0%, +59%0%. We find that all three output variables
are more sensitive to the initial value of the G@®Rstment cost and to the progress ratio used
in the learning by doing term of the cost functioampared to the other three. For small input
parameters variations (5-10%), output results &bles for larger variations results differ

sensibly, though in all cases the differences aimiynquantitative and not qualitative.

The timing of CSP deployment for MENA is influenckd variations only in CSP investment
costs, while for the USA and China also by the pgeg ratio. The optimal timing for the

19 http://www.desertec.org/en/concept/questions-ansi#e809 accessed on June 8, 2011.
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Europe-MENA trade is mainly sensitive to the pregidwo parameters; Super-Grid investment

costs are also influential but to a smaller extent.

To conclude, the sensitivity analysis shows thatdtucial parameters for this analysis are the
initial investment costs for the CSP power plantd the rate at which these will decrease as
cumulative installed capacity grows, therefore ipakar care should be devoted to their

estimation.

9. Conclusions

We have analyzed the effects of the introduction Gifncentrated Solar Power (CSP)
transmitted by means of Super-Grids (SG) in fogiamrs of the world: Europe, Middle East
and North Africa (MENA), the United States of Aneiand China. We have evaluated the
economic potential of this low-carbon option foeadticity generation, under a Business as
Usual scenario and under a 535ppm.&Ppolicy target in the presence of a global carbon
market. We tested our results under different apsioms regarding the expansion of nuclear
power and coal power with carbon capture and seo(&fS), that, together with renewable
power, are the most promising technologies to &atke electricity sector’'s greenhouse gas
(GHG) emissions, though might be subject to opmosiby the general public, high costs,

technological and geo-political challenges.

Our simulations suggest that an extensive use &f @#ver both for domestic consumption or
export, in the case of the Europe-MENA Super-Gndl, become optimal only in the second

half of the century.

CSP-powered SG electricity in Western and Eastemofe and China substitutes production
from zero-carbon technologies only when there argepration limits to the exploitation of the
latter. CSP domestic production by MENA is optirfraim 2040 onwards and large, under all
climate policy scenarios. In the second part of ¢eatury it becomes optimal even in the
Business as Usual scenario. Therefore, developprejects regarding a Europe-MENA CSP-
SG need to take into account a large domestic 1$eS® by MENA, that is most likely to

increase further if demand for low-carbon desailamais included in the model.

The price at which the CSP electricity will be ddoetween Europe and MENA is expected to
start around 30c$/KWh, for the most extreme case,decrease over time to 10-11 c$/KWh as
the world cumulative capacity increases triggetimg Learning by Doing effect that drastically

reduces investment costs for CSP generation. Thdhghrading price, will necessarily depend
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on long-term international agreements. Our simoietihave also identified a set of feasible and
Pareto-improving combinations of price and quarditported and the best situation for Europe
and for MENA

In the second part of the century the electricity af the USA, China, MENA, Western Europe
and Eastern Europe will be strongly modified by #laelitional CSP option that will reach very
large shares of electricity generation. Limits te tpenetration of this technology or the
consideration of the increasing cost of managiregpbwer network with large shares of solar

electricity might be needed to make the resultsemealistic.

The introduction of the CSP-SG option allows siahtion policy costs to be reduced, under all
scenarios for all five regions. The stabilizatiooligy is still costly in terms of GDP loss
compared to the Business as Usual scenario, thaddimg the CSP-SG option may decrease

such losses up to 66%.

Finally, the literature on CSP and the politicabate have largely neglected the complexities of
building the institutions capable of managing agéaMediterranean market for electricity.
Without a sound institutional framework tensionsoa the two regions might emerge and
jeopardize the overall deployment of a CSP powetketaln particular, high attention should
be devoted to the mechanisms and rules that widiroiéne the price of electricity. We have
shown that there are incentives that may lead MEN#ntries to form a cartel. The emergence
of market power can be troublesome for Europe. Bguaoblematic, in case of a large
deployment of CSP, might be the large exposurehefBuropean power network to foreign
shocks. Instead of increasing energy security, asima use of imported CSP might increase
energy dependence. Therefore our scenarios, appéar overly optimistic. Realistically, CSP
will be able to contribute only marginally to thefpean power mix and domestic carbon-free
power sources need to be developed. Very largesiedad the potential of CSP in China, the
USA, and in MENA countries, where the only consitai are technological. Future
developments of this work will expand the numberegfions that can invest profitably in CSP,
will explore more stringent stabilization targetsdawill describe with greater precision the

optimal geographical location of CSP plants andeBrids.
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Appendix A

List of Main Equations

In this Appendix we reproduce the main equationtefmodel. For a full description of the modelgsie
refer to Bosetti et al (2007-a; 2009). The webaiav.witchmodel.org contains useful information tie t
model. The list of variables is reported at the efithis Section.

In each region, indexed oy a social planner maximises the following utifitynction:

W(n)=> U [cm.t), L]RM) =D Lt log[en H] IR, (A1)
t t
wheret are 5-year time spans and the pure time preferdisceunt factor is given by:
t
R(t)= |‘! [+ o) (A2)
V=

C(n,t)
L(n,t)

where the pure rate of time preferenoé/) is assumed to decline over time. Moreoven,t) =

is per capita consumption.

Output gross of climate change damages, in theoilasector, is produced by combining a capital-iabo
intermediate input with energy servicdsy in a constant elasticity of substitution (CESpdghuction
function:

GY(n,t)= TFP(n,t)[aY(n)(K(n,t)ﬁ L(n,t)“’)m +(1—ay(n))ES(n,t)‘”]upv : (A3)
Total factor productivityTFP(n,t) evolves exogenously with time. The labour forcesés equal to
population L), which evolves exogenously. CapitK)) (evolves following a standard pattern:

K(nt+1) = K(nt)1-dgy)+1(nt) (A4)

Energy services are an aggregate of eneH)y) @nd a stock of knowledge combined with a CES
function:

1 pes

Ent)= [aHE(n) HE(n,t)"es +agy () EN(nvt)pEs] (AS)

New ideas which contribute to the stock of energpwdedge, z,, (n,t), are produced using R&D
investments| ., , (n,t), together with the previously cumulated knowledtgeek HE (n,t):

Zue(nt) = alye(n)PHE(N,t) HKL(n,t)Y. (A6)
The knowledge stock evolves as follows:
HE(nt+1) = HE(n,t)A-9)+Z.e(n.t) (A7)

The Enerqgy Sector

Energy is a combination of electrigEl() and non-electric energiNEL):

1 pen

EN(nt)= [aEL(n) EL(N,t)P + arye, (n) NEL(n, t)Pen ] (A8B)

Each factor is further decomposed into severalubponents that are aggregated using CES, linear and
Leontief production functions. In particular:
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EL(n.t) =[EL (0,1) + @yprd M) ELyoro(N 1) (A9)

EL2 (nvt) = [aFF (n) FF (nat)pal + 0 ke (n) ELNUKE (nat)pE“ + aw&s(n) ELw&s(nvt)pELz ]UPEU :

(A10)
FF (nt)= [acom_(n) Elcon (W1 + @5, (N Elgy (n,1)77 +aaug(n) ELgas(n,t)* ]WFF : (A11)
ELCOAL(n’t) = [aPC (n) Elpc (N)™ +@\gec (n) ElLgec (N, 1) ]up%ﬂ ) (A12)

The Super-Grid

We reproduce here the equations that have beestrdted in the main text of the paper for an easy
reference:

Elcspprod(Mt) = Elcsp(n,t) + Elesp x (N.1) - (A13)
Elcspprod(Nt) = Min{ 4 pcspK csp(n, 1); O8M cspln,1); £, gra K grig (1, 1); O&M g (n,0) (A14)
Elcsp(n,t) = min 4 ,cspK csp(n.1); O&M cgp(n.); Hn,gria Kgria,p (0.1); O&M g4 p (n.v}- (A15)
Elcspx (1) = Min{ £2,cspK csp(n, 1) O8M csp(n, 1); i K grig x (1.1); O&M g x (n,0)} - (A16)
D Elepy(nt)y=0 0Ot (A17)
n
Kesp(nt+1) = Kesp(n ) (1= dcsp) + ALV (A18)
SCsp(nit)
K =K 1- 5, )+ o () A19
grid (M E+D) = Kgig (0,0)A~ Ogrig ) m : (A19)
Kgrid (n,t) = Kgrid,D (n,t) + Kgrid,)( (n,t) - (AZO)
( I csp(n,t+12) J ’
(@ S t+L
SCesplnt+1)= SGegplntg) KO 7 g L SCesrlnt+Y) (A21)
TK(to) B
O&M g (1) = O&M gyig o (n,) + O&M gyg x (n.1) - (A22)
C(t)=Y(n,t) —1(nt) —Z l re (M) —Z I (nt) —Zo& M (n,t) =1 cgp(nt) = | grig (1)
] j j . (A23)

~O0& Mcgp(nt) ~O& M g4 (n,1)
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GY(n,t
o) = G 3P (00 X (1)~ TP (1) X ) Reslr) OS]

+ Elcgp x (nt)Pegp(t)

(A24)

Climate Module

Carbon dioxide emissions from combustion of fo$sdls (Xf) are derived applying stoichiometric

coefficients to the total amount of fossil fuelsliséd. Emissions associated to non-conventionhl oi
production are also tracked. By using carbon captund sequestratio©C9 it is possible to reduce the
amount of CQ emissions in the atmosphere:

COZ(n*t) = Zf wf,COZ Xf (n*t)+ Zg ¢g,COZO”—pr0d (n!tv g) - CCS(n,t) ' (A25)

For details on land use emissions and on nop-gaBes please see Bosetti et al (2009).

The damage function impacting output is quadratizcfion of the temperature increase above the pre-
industrial levelT:

Q(n,t) =1+ (g, T(t)+ 6, T()?): (A26)

Temperature increases through augmented radiatieing F , moderated by the cooling effect of SO
aerosols,cool(t +1) :

T(t+1)=T(t)+ ofF(t+1)-AT(t)- 5[ T(t)-To0 ]} - cool(t +2) (A27)

List of Variables

Q = Climate feedback on the economy

g = Depreciation rate

ucsp = Full load hours for a CSP power plant in region
Ugria,n= Full load hours for the domestic Super-Grid igio& n
C = Consumption

¢ = Per-capita consumption

CCS =CQ0, captured and sequestered

CO,= Emissions from combustion of fossil fuels

A = Additional oil capacity

EL = Electric energy

EL; = Electric energy use from th& generation technology
Elcse oo Total electric energy produced with CSP
ELcsp = Electric energy produced with CSP for domestic comstion
ELcsp x= Electric energy produced with CSP for export
EN = Energy

ES =Energy services

F = Radiative forcing

HE = Energy knowledge

Icsp= Investments in CSP plants

lgria = INnvestments in the Super-Grid infrastructure

/rep = INnvestment in energy R&D

/= Investment in the final good sector

L = Population

K= Stock of capital in the final good sector
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K cs= Stock of capital in CSP

K giia = Stock of capital in the whole Super-Grid infrastiuret

K giia,p = Stock of capital in the Super-Grid infrastructure mmestic consumption
K gria,x= Stock of capital in the Super-Grid infrastructure é&xport

NEL = Non-electric energy

NIP = Net import of carbon permits

O&Mcsp= Operation and maintenance costs associated V@th@&neration
0&My;iq = Operation and maintenance costs associated hattwhole Super-Grid
0&Myiq x = Operation and maintenance costs associated wjihrSGrid for domestic consumption
O&Mgig x = Operation and maintenance costs associated wjibrSGrid for export
Pcsp = Price of the traded CSP power

p = Price of carbon permits

P, = a vector of prices for the input vectés

R = Discount factor

SCcsp= Investment costs for the construction of CSP glan

SGyid = Investment costs for the construction of the $uped

T = Temperature level

7TFP = Total factor productivity

U = Instantaneous utility

W = Welfare

Xz = a vector including inputs that are considere@tass for the economy

Y = Gross Domestic Product

Zye = Flow of new energy knowledge

Assigned Values to Key Parameters:

List of key parameters

Hcsp Mgrid Mgrid,x SCesp SGyria SGrigx O&Mcsp O&Myig  O&M yig x
(h) (h) (h) ($/kW) ($/kW) ($/kw) ($/kwW) ($/kw) ($/kW)
CHINA 4110 4110 6500 329 127.5 6.6
MENA 3680 3680 6500 336 127.5 6.7
USA 4600 4600 6500 277 127.5 5.5

Note: the values in $ are in 2007US$ as reportéldaroriginal data source (Kaltshmitt 2007), thasethen converted into
2005US$ for the model simulations.

Ocsp Ogrid a B Y

All 0.1 0.1 0.15 380 3
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Appendix B

Additional Results

Electricity Costs

UsA COAL PC COAL IGCC OIL GAS NUKE HYDRO | W&S CsP
Fuel CO. CCS Fuel CO. Fuel CO; Fuel CO; Fuel
2005 279 162 - 5,37 0.48 135 2,06 7.67 162 513 6.05 0.14 5,53 10,13 0,00
2010 265 1,60 - 5,07 0.49 138 - 197 8.00 - 1,56 479 - 5.84 0.16 5.24 9.30 0,00
2015] 2,57 1,58 0.67 4,87 0.49 1,42 0.06 1,92 8,62 0.46 1,52 4,86 0.27 5.74 0.19 5.08 8.42 0.00
20200 251 157 1.18 475 0.49 1.44 0.11 1.89 9.40 0.85 1.49 5.04 0.47 5.70 0.23 4,94 7.52 0.00
2025 246 155 257 4,63 0.49 147 0.24 185 10,35 1,96 147 5.29 1,04 5.67 0,30 4,82 6.65 0,00
2030] 243 1,53 5,00 4,58 0.49 1,50 0.49 1,84 11,29 4,02 145 5.57 2,06 5.70 0.38 477 5,94 0.00
2035] 240 1,51 7.58 4,52 0.51 1,53 0.77 1,82 12,07 6.40 1,44 5,84 315 5.72 0.49 4.7 5,32 0.00
2040] 237 1,50 13,62 4.43 0,53 1,56 1.40 1,80 12,66 11,94 142 6.11 5,68 576 0.62 4,63 474 0,00
2045] 233 1,50 20,31 4,36 0.58 1,60 217 178 12,90 18.71 141 6.33 8.63 5.82 0.78 4,56 4.24 0.00
2050] 2,30 1,49 30,03 4,28 0.64 1,64 3.29 1,76 12,89 28,75 1,39 6.50 12,87 593 0.97 4.49 3.80 11,79
2055|230 1.49 37,51 428 0.70 1,67 4,22 1.76 12,64 3722 139 6,62 16,23 5,98 1.21 449 351 10,36
2080 229 151 44,90 427 0.75 1.70 5,05 175 12,27 44,90 139 6.84 1943 5,99 1.44 447 335 9.47
2085] 2,28 1,54 50,71 4,24 0.80 1,73 5.70 1,75 11,87 51,07 1,38 7.08 21,94 5,94 1.64 4.45 3.20 8.89
2070] 227 1.56 54,64 4.22 0.84 1.75 6.15 1.74 11.45 56,39 1.38 7.28 23,65 5,92 1.78 4.43 3.08 8.52
2075 225 158 58,25 419 0.87 1.78 6,55 173 11,06 5941 137 7.51 2521 591 1,86 4,40 297 8.25
2080] 2,24 1,60 61,82 4,15 0.90 1,80 6.96 1,72 10,68 6342 1,36 7.76 26,75 5,92 1.88 4,36 2,87 8.03
2085] 222 1,62 65,04 411 0.92 1,82 7.32 1.71 10,31 67,09 1,36 8,02 28,15 5,95 1.86 433 277 7.85
2080 220 164 67,80 4,07 0,93 184 7.63 1,70 9.96 70,29 135 8,30 29,34 5,98 1.81 4,29 2,69 7.68
2095] 219 1,65 69,49 4,04 0.94 1,86 7.82 1,69 9.63 72,39 134 8.59 30,07 6.04 1.72 4.26 2,62 7.56
2100 218 1.67 68,34 4.01 0.95 1.88 7.69 1.69 9.32 71,52 1.34 8.89 29,58 6.10 1.61 4.24 2,56 7.46
CINA COAL PC COAL IGCC OIL GAS NUKE HYDRO | W&S CsP
Fuel CO. CCS Fuel CO. Fuel CO. Fuel CO, Fuel
2005 262 1,60 6.04 0.48 122 283 10,31 214 570 6,57 0.14 6.26 11,59 0,00
2010 314 157 - (s 0.49 1,26 - 3,07 10,68 - 2,50 5.26 - 7.70 0.16 7.57 1348 0,00
2015] 318 1,54 0.71 7.52 0.49 1,29 0.06 3.1 11,40 0.53 2,53 5.27 0.29 7.85 0.19 7.87 12,77 0.00
2020] 3.06 1.51 1.25 7.20 0.49 132 0.11 3.00 12,30 0.99 2.44 5.40 0.51 7.64 0.23 .37 11.00 0.00
2025 289 148 2,69 6.76 0.49 135 0.24 2,86 13,38 2,26 233 5.61 111 7.36 0,30 6,95 9.27 0,00
2030] 2,76 145 5.19 6.43 0.49 1,37 0.49 2,76 14,48 4,63 2,24 5.84 2,15 7.16 0.38 6,63 8.02 0.00
2035] 2,66 143 7.80 6.16 0.50 1,40 0.77 2,67 15,38 7.37 2,18 6.06 327 7.02 0.49 6,38 7.00 0.00
2040 254 141 13,80 584 0.54 144 1.40 257 16,05 13,76 2,09 6,28 584 6.88 0.62 6.08 6.06 0,00
2045] 243 1.40 20,59 555 0.66 147 217 248 16,34 2157 2,02 6.44 8.78 6.76 0.78 5.79 5.25 0.00
2050] 2,30 1,39 30,22 5,20 0.96 1,51 3.29 2,37 16,32 33,15 1,93 6.55 12,98 6,66 0.97 547 4.49 15,54
2085) 227 137 37,51 511 143 1,55 4,22 234 16,03 42,90 1.80 6,62 16,23 6.63 1.21 538 412 13,63
2080 222 140 44,90 4,98 2,03 158 5,05 229 15,61 51,77 187 6.84 1943 6.55 1.44 5.26 3,86 12,35
2085] 2,16 143 50,71 4,84 2,74 1,60 5.70 2,25 15,14 58,88 1,83 7.08 21,94 6.40 1.64 5.12 3,63 11.48
2070 211 1.45 54,64 4.70 3.50 1.63 6.15 2,20 14,67 63,86 1.80 7.28 23,65 6.29 1.78 4.99 343 10.84
2075 2,06 147 58,25 4,57 4,26 165 6,55 2,16 14,21 68,48 1.76 7.51 2521 6.20 1,86 4,86 3.25 10,34
2080] 2,01 1,49 61,82 4.44 4,96 1,67 6.96 2,12 13,77 7311 1,73 7.76 26,75 6.14 1.88 4,74 3.09 9,94
2085] 1,97 1,51 65,04 4,33 5,58 1,70 7.32 2,09 13,35 77,34 1,70 8,02 28,15 6.12 1.86 4.64 2,96 9.63
2090 1,93 1563 67,80 4,23 6.11 172 7.63 2,05 12,95 81,03 167 8,30 29,34 6.11 1.81 4,54 2,84 9.37
2095]  1.90 1,54 69,49 414 6.55 1,74 7.82 2,02 12,57 83,46 1,65 8.59 30,07 6.11 1.72 445 2,74 9.15
2100) 1.87 1.56 68,34 4.07 6.90 1.76 7.69 2,00 1221 6245 1.63 8.89 29,58 6.12 1.61 4.39 2,65 8.97
MENA COAL PC COAL IGCC OIL GAS NUKE HYDRO | W&S CsP
Fuel CO. CCS Fuel CO. Fuel CO. Fuel CO, Fuel
2005 3,62 231 6,07 0.98 222 2,60 3.83 213 287 6.91 0.14 6.51 11,05 0,00
2010 353 231 - 591 0.98 2,26 - 255 415 - 2,09 225 - 6.81 0.16 6,35 1043 0,00
2015] 342 2,30 0.60 5.71 0.98 2,29 0.06 2,48 477 0.46 2,03 2,34 0,31 6.71 0.19 6.16 9.44 0.00
2020] 3.35 2,29 1.08 5,59 0.98 2,32 0.11 2.44 5,54 0.85 2,00 2,55 0.55 6.67 0.23 6.05 8.39 0.00
2025) 327 2,28 238 544 0.98 235 0.24 2,40 6.48 184 1,96 283 117 6.62 0,30 591 7.34 0,00
2030] 318 2,27 4,69 5.21 0.98 2,37 0.49 2,34 742 3.98 1,92 313 2,26 6,55 0.38 5.74 6,38 0.00
2035] 315 2,27 7.22 522 0.98 2,40 0.77 2,33 8.19 6.34 1,91 4 3.40 6.58 0.49 5.70 5.70 0.00
2040 3,09 2,26 13,04 5,08 0.98 2,44 1.40 229 8.77 11,83 187 3,68 6,00 6,59 0.62 5568 5,02 26.48
2045] 310 2,26 19,84 512 0.98 247 217 229 9.01 18,54 1,88 387 8.93 6.73 0.78 5.60 4,65 19.97
2050] 310 2,27 29,68 512 0.98 2,51 3.29 2,29 9.00 2849 1,88 4,02 13,10 6.90 0.97 5,60 4,36 16,20
2055|308 2,26 37,51 5,09 0,98 2,55 4,22 228 8.75 36,88 187 412 16,23 6,93 1.21 557 4,02 14,13
2080 3.08 229 44,90 5,09 0.98 2,58 5,05 2,28 8.39 44,50 187 4,34 1943 6,95 1.44 5,57 3.85 12,36
2085] 3,07 2,31 50,71 5.06 0.98 2,60 5.70 2,27 7.99 50,61 1,86 4,55 21,94 6.90 1.64 5.54 3,66 11,30
2070] 3.05 2,34 54,64 5.02 0.98 2,63 6.15 2,26 7.58 54,89 1.85 4.78 23,65 6.86 1.78 5.50 3.48 10.58
2075 3,02 2,36 58,25 4,97 0.98 2,65 6,55 225 7.18 58,87 184 5.01 2521 6.84 1,86 5.46 3,32 10,05
2080] 2,99 2,38 61,82 4,91 0.98 2,67 6.96 2,23 6.81 62,85 1,83 5.26 26,75 6.83 1.88 5.40 3.18 9,65
2085] 2,96 2,40 65,04 4,86 0.98 2,70 7.32 2,21 6.44 66,48 1,81 5,52 28,15 6.85 1.86 5,35 3.06 9.33
2090 293 241 67,80 4,81 0.98 272 7.63 219 6,10 69,66 1,80 5.80 29,34 6.88 1.81 5,30 2,86 9.07
2095 291 243 69,49 477 0.98 274 7.82 218 5.77 71,74 1.79 6.09 30,07 6.93 1.72 5.26 2,87 8.86
2100) 289 245 68,34 4.73 0.98 276 7.69 217 546 70,88 1.78 6.39 29,58 6.97 1.61 523 2,80 8.70
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Western COAL PC COAL IGCC 0oIL GAS NUKE HYDRO W8S CsP
Europe Fuel CO. CCS Fuel CO. Fuel CO. Fuel CO, Fuel Import
2005] 2.98 298 - 554 0.49 2,77 235 10,54 1.85 413 6.18 014 5711 10,14 -
20101 2.85 2,96 - 5,25 0.49 2,81 - 2,26 10,86 - 1.78 3.81 - 5.98 0.16 543 9.34
2015] 2,76 2,93 0.62 5.06 0.49 2,84 0.06 2,21 11,49 0.46 1,74 3.90 0.27 5.89 0.19 5.26 8.50
20200 2.7 2,90 1.10 4,94 0.49 2.87 0.11 217 12,28 0.86 1.7 4.10 0.47 5.85 0.23 5.14 7.60
2025 2.66 2,87 242 4,84 0.49 2,90 0.24 214 13,23 1,97 1,68 4,37 1,04 583 0,30 5,04 6,75
2030] 2,83 2,85 477 4,78 0.49 2,92 0.49 2,12 14,18 4,05 1,67 4,66 2,06 5.85 0.38 4,99 6.03
2035] 261 2,82 7.31 473 0.49 2,95 0.77 2,10 14,97 6.44 1,66 4,95 315 5.88 0.49 4,94 541
20401 2,57 2.80 13,16 4,66 0.49 2,99 1.40 2,08 16,65 12,02 1,64 5,24 5,68 5,93 0.62 4,87 4,84
20451 255 279 19.96 4.60 0.50 3.02 217 2,07 15,80 18.84 1.63 547 8.63 6.01 0.78 4.82 4.36
2050] 2,52 277 29,77 4,54 0.50 3.06 3.29 2,05 15,79 28,95 1,62 5,65 12,87 6.13 0.97 4,76 3.95
2085 250 275 3751 4,50 0.51 3.10 4,22 2,03 15,63 3747 1,61 579 16,23 6,15 1.21 473 3,66 -
20601 249 2,78 44,90 447 0.51 313 5,08 2,02 15,17 4521 1,60 6,01 19.43 6,14 144 4,69 3.47 13.45
2085] 2,47 2,80 50,71 4.44 0.51 3.15 5.70 2,01 14,76 5142 1,59 6,22 21,94 6.09 1.64 4,66 3.31 2.4
2070] 246 2,82 54,64 4.4 0.51 3.18 6.15 2,00 14,34 85,77 1.68 6.44 23,65 6.06 1.78 4.63 37 11.79
2075 244 2,85 58,25 4,37 0,52 3.20 6.55 1,99 13,94 59,82 1,58 6.68 2521 6.05 1,86 4.60 3.04 11.38
2080] 242 2,87 61,82 4,33 0,52 3.22 6.96 1,98 13,56 63,86 1,57 6,93 26,75 6.07 1.88 4,56 2,93 11,08
2085 241 2,88 65,04 4,30 0.52 3.25 7.32 1,97 13,19 67,55 1,56 7.19 28,15 6.10 1.86 4,53 2,83 10.87
20901 238 2,90 67,80 4,26 0,52 3.27 763 1,96 12,84 70,78 1,65 7.46 28,34 6,14 1,81 4.49 2,74 10,70
2095 2,37 2,92 69,49 4.22 0.52 3.29 7.82 1.95 12,51 72,89 1.54 .75 30,07 6.18 1,72 4.46 2,66 10,57
2100) 236 2,94 68,34 4.19 0.52 3.31 7.69 1.94 1219 72,02 1.53 8.06 29,58 6.23 1.61 443 2,59 10.44
Eastern COAL PC COAL IGCC 0oIL GAS NUKE HYDRO W8S CsP
Europe Fuel CO. CCS Fuel CO. Fuel CO. Fuel CO, Fuel Import
2005] 254 218 5,20 0.29 172 2,36 10,74 2,03 413 6.24 014 524 10,13 -
20101 2.82 213 - 5,85 0.29 1.76 - 2,56 11,13 - 2,20 3.81 - 6.80 0.16 5.86 10,88
2015] 2,85 2,09 0.70 5.93 0.29 1,79 0.06 2,58 11,87 0.55 2,22 3.90 0.27 6,92 0.19 5,94 10,31
2020 281 2,04 122 5.83 0.29 1.82 0.11 2,55 12,81 1.03 2,20 4.10 0.47 6.89 0.23 5.84 9.22
20251 274 2,00 2,64 5,67 0.29 1.85 0.24 2,50 13,94 2,35 2,15 4,37 1,04 6.83 0,30 5.69 8.15
2030] 2,85 1,95 511 5.46 0.29 1,87 0.49 244 15,08 4,82 2,10 4,66 2,06 6.73 0.38 5.49 7.10
2035] 2,55 1,92 7.7 5,24 0.30 1,90 0.77 2,37 16,02 7.68 2,04 4,95 315 6,63 0.49 5.28 6.20
20401 247 1,89 13,69 5,04 0.30 1,94 1.40 231 16,72 14,33 1,99 5,24 5,68 6,57 0.62 5,08 543
20451 240 1.87 2048 4.88 0.31 1.97 217 2,26 17.01 2246 1.94 547 8.63 6.56 0.78 4.93 4.80
2050] 2,32 1,84 30,15 4.7 0.33 2,01 3.29 2,20 17,00 34,52 1,90 5,65 12,87 6.60 0.97 477 4,25
2085 229 1,82 3751 4,63 0.36 2,05 4,22 218 16,70 44,68 1.88 579 16,23 6.59 1.21 470 3.81 -
2060 2.26 1.85 44,90 4,56 0.39 2,08 5,08 2,16 16,26 53.91 1,86 6,01 19.43 6.55 144 4,63 3.59 13.45
2085] 2,23 1,87 50,71 4.49 0.42 2,10 5.70 2,14 15,77 61,32 1,84 6,22 21,94 6.47 1.64 4,56 342 2.4
2070] 220 1.89 54,64 4.42 0.45 213 6.15 21 15,27 66,50 1.82 6.44 23,65 6.40 1.78 4.50 3.27 11.79
20751 216 1,91 58,25 4,34 0.47 2,15 6.55 2,09 14,80 7132 1.80 6.68 2521 6.36 1,86 442 313 11.38
2080] 213 1,93 61,82 4,26 0.50 217 6.96 2,06 14,34 76,14 1,78 6,93 26,75 6,34 1.88 4,34 3.00 11,08
2085] 210 1,95 65,04 4,18 0.51 2,20 7.32 2,04 13,90 80,55 1,76 7.19 28,15 6,34 1.86 4,27 2,89 10.87
20901 2.07 1.97 67,80 411 0.53 2,22 763 2,02 13,49 84.40 1.74 7.46 28,34 6.35 1,81 4.20 2,78 10,70
2095 2,04 1.99 69,49 4.04 0.54 224 7.82 2,00 13.09 86,92 1.72 .75 30,07 6.37 1,72 4.14 2,69 10,57
2100 201 2,00 68,34 3.98 0.55 2,26 7.69 1.98 1271 85,87 1.70 8.06 29,58 6.40 1.61 4.08 261 10.44

Notes: Capital costs also include costs for openagind maintenance.

The above tables refer to the unconstrained stakitin scenario (U-Stab). Similar tables for aleat
scenarios are available upon request.

Policy Costs

0%

-2%

-4%

-6%

-8%

-10%

-12%

c
[
>

CC-Stab

NCC-Stab

China

CC-Stab
NCC-Stab

MENA

CC-Stab
NCC-Stab

CC-Stab

Western Europe

NCC-Stab

Eastern Europe

CC-Stab

NCC-Stab

O without CSP m with CSP

Aggeragated Discounted (3%) Policy Costs with respéto Bau

48



Sensitivity Analysis

$kW

$kW

$kW

|

$KW

$KkW

9000
8000
7000
6000
5000
4000
3000
2000
1000

9000
8000
7000
6000
5000
4000
3000
2000
1000

9000
8000
7000
6000
5000
4000
3000
2000
1000

9000
8000
7000
6000
5000
4000
3000
2000
1000

9000
8000
7000
6000
5000
4000
3000
2000
1000

CSP Investment costs

———0—6—6—6—6

N

\

| passtssssss

2005 2015 2025 2035 2045 2055 2065 2075 2085 2095

2005 2015 2025 2035 2045 2055 2065 2075 2085 2095

A SCcsp

——-30%
—A—-5%
—=— original
5%
——30%

A SCyig

——-30%

—&—-5%

—m— original
5%

——30%

Aa

2005 2015 2025 2035 2045 2055 2065 2075 2085 2095

——-30%
—a—-5%
—m— original
5%
—o—30%

AB

2005 2015 2025 2035 2045 2055 2065 2075 2085 2095

TN

2005 2015 2025 2035 2045 2055 2065 2075 2085 2095

——-30%
—&—-5%
—m— original
5%
——30%

Ay

——-30%

—Aa—-5%

—m— original
5%

—e—30%

49



TWh

TWh

TWh

TWh

TWh

EU-Mena trade of SG-CSP Electricity

2000
1800
1600 A SCesp
1400 —e—-30%
1200 —&—-5%
1000 —m— original
800 —A—5%
600 ——30%
400
200
0 4
2005 2015 2025 2035 2045 2055 2065 2075 2085 2095
2000
o
1400 —e—-30%
1200 —A—-5%
1000 —m— original
800 A 5%
600 —e—30%
400
200
0 4 T T B — — T
2005 2015 2025 2035 2045 2055 2065 2075 2085 2095
2000 »>

1800 o
1600 ad Aa
/ _—
1400 ——-30%
1200 Y —a— 5%
1000 / / —m— original
800 e

—4—5%
600 [ & e ——30%
400 /? et
200 / /
0 A
2005 2015 2025 2035 2045 2055 2065 2075 2085 2095
2000
1800 AB
1600 —_—
1400 —e—-30%
1200 —a—-5%
1000 —&— original
800 —4—5%
600 ——30%
400
200 /
0 ,4_,_._,_._,_._,_._,_._,_._,_._,_._,_._,_/ —
2005 2015 2025 2035 2045 2055 2065 2075 2085 2095
2000
1800
1600 __ Ay
1400 —e—-30%
1200 —&—-5%
1000 —m— original
800 —A—5%
600 ——30%
400
200 /
0 —J—v—l—v—l—v—l—v—l—v—l—v—l—v—l—v—l—v—l—v—/ — 7T

2005 2015 2025 2035 2045 2055 2065 2075 2085 2095



GW

GW

GW

GW

GW

7000

6000

5000

4000

3000

2000

1000

7000

6000

5000

4000

3000

2000

1000

7000

6000

5000

4000

3000

2000

1000

7000

6000

5000

4000

3000

2000

1000

7000

6000

5000

4000

3000

2000

1000

CSP World Cumulative Installed Capacity

/X’
b T T T T T T T T T T
2005 2015 2025 2035 2045 2055 2065 2075 2085 2095
b T T T T T T T T T T T
2005 2015 2025 2035 2045 2055 2065 2075 2085 2095
b T T T T T T T T T
2005 2015 2025 2035 2045 2055 2065 2075 2085 2095
/A
b T T T T T T T T T T T
2005 2015 2025 2035 2045 2055 2065 2075 2085 2095
b T T T T T T T T T T T
2005 2015 2025 2035 2045 2055 2065 2075 2085 2095

A SCcsp

——-30%

—A&—-5%
—m— original
—4—5%
——30%

A SCyig

—e—-30%
—a—-5%
—=— original
—4—5%
——30%

Aa
—e—-30%
—&—-5%
—m— original
—4—5%
——30%

AB

——-30%

—A—-5%
—=— original
—4—5%
——30%

Ay

——-30%

—A&—-5%
—m— original
—4—5%
——30%

51



