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Abstract

We extend the WITCH model to consider the possybith produce and trade electricity
generated by large scale concentrated solar paaetsgCSP) in highly productive areas
that are connected to demand centres through Hatage Direct Current cables. We
test the attractiveness of the CSP option by inmgpsi global cap on Greenhouse gases
concentration equal to 535 ppm &€ in 2100, with and without constraints to the
expansion of nuclear power and IGCC coal with carbapture and storage (CCS). We
find that it becomes optimal to produce with CS#hfr2040 and to trade CSP electricity
across the Mediterranean from 2050. Therefore projike DESERTEC seem to be
premature. After 2050, CSP electricity shares becaignificant. CSP has a high
stabilization cost option value: depending on tbestraints, it ranges between 2.1% to
4.1% of discounted GDP in the Middle East and Névitica (MENA), between 1.1. and
3.4 in China, between 0.2% and 1.2% in the USAwbeh 0.1 and 1.3% in Eastern
Europe and between 0.1 and 0.4% in Western Eurdpaoderate level of subsidy to
invest more and earlier in CSP might increase welfelowever, large-scale deployment
should occur after 2040. We also show that MENAntoes have the incentive to form a
cartel to sell electricity to Europe at a priceh@gthan the marginal cost. This suggests
that a hypothetical Mediterranean market for eieityrshould be carefully regulated.
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1. Introduction

This study assesses the role of concentrated goleer (CSP) as a technology option in long-term
scenarios of climate change mitigation policy. Plager examines the economic attractiveness of CSP,
the optimal timing and size of investments, how @&Bcts the optimal mix of power sector
technologies, and it carefully discusses the timaige and institutional requirements of an elettri

trade across the Mediterranean.

CSP is an attractive option in climate change ratian scenarios because electricity is generated by
means of solar radiation, an almost infinite enesgyrce, with no direct emissions of £ar of other
pollutants. Compared to other zero-carbon renewasieurces, it has an advantage as in CSP plaats he
can be stored (up to fifteen hours) in order toegate a constant flow of electricity.

However, CSP needs direct solar beams (direct riarradiance, DN1) while photovoltaic also relies on
horizontal irradiation. Therefore, one of the motical issues for CSP is the location of the ppwe
plants. The best sites for this power generatingrtelogy are found in dry regions near the equatewqg.
the Sahara Desert — which are typically far awaynfwvhere electricity is consuméd large expansion
of CSP thus requires the deployment of high-efficieand high-capacity transmission cables that can
cover long distances with minimal losses. High-agé direct current (HVDC) cables — sometimes
referred to as super-grids (SG) — have these degistcs and can be used to transmit electridityeay
long distances, connecting supply of CSP in rerac¢as of the world to demand in dense urban and
industrialized areas. The future of CSP and theldgwnent of future power grids are therefore drict

intertwined.

The possibility of using CSP to generate electrivitth no CQ emissions and very low intermittency is
clearly very attractive and explains the growinigiast that surrounds this technology option.
Researchers, government agencies and environnaetitebts are supporting very ambitious deployment
plans for CSP on both the sides of the Atlantia.&@mple, the Desertec project foresees a largéau

of CSP plants in Northern Africa connected to thedpean power network by means of a SG that
stretches across the Mediterranean supplying ap% of the electricity consumed in Europe (Tried an
Miiller-Steinhagen, 2007). The Mediterranean Solan,Fsponsored by the Union for the Mediterranean,
has the aim to set up a trade between the Eurdgei@m (EU) and developing countries belonging ® th
newly established international organization by@0&ith electricity generated from 10-12 GW of
installed capacity.The U.S. Department of Energy (DOE) has ambitjglass for solar energy and CSP
in particular. The objective is to make CSP conipetin the intermediate power market by 2015. By
developing advanced technologies that will redystesn and storage costs, the goal is to make CSP

competitive in the base-load power market by 2028 DOE, 2008§.Also the International Energy

! Direct Normal Irradiation (DNI) is the amount aflar radiation received per unit area by a surthae
is oriented perpendicular (or normal) to the swisrét is measured in kWh/rover a period of time.

2 A list of cities that are close to areas with higNI is found in IEA (2011, p. 22).

% http://www.ufmsecretariat.org/en/enerdgst accessed on August 16 2011.

“ Department of Energy, Solar Technologies Prograsite, last accessed on August 16 2011:
http://www1.eere.energy.gov/solar/csp_program.htm




Agency (IEA) sees a bright future for CSP. In tHeRCTechnology Roadmap (IEA, 2010b), the IEA
depicts a scenario that foresees 148 GW of capmstslled globally by 2020 to supply electricityr f
intermediate and peak loads. This requires a 2@Defigpansion of the global installed capacity, ¢dgoia
0.7 GW at beginning of 2009. 2,300 new power plédmtssame size of the recently built “Nevada Solar
One” plant need to start operating in less tharyeans. According to the same scenario, in 2020 CSP
technologies are expected to become competitivie eail-fired base-load power plants (IEA, 2010b).
According to the IEA, Europe will finance the exgam of CSP in Northern Africa because of limited
land availability and low DNI. Global installed gty reaches 337 GW in 2020 and 1,089 GW in 2050,
supplying 11% of global electricity production. Taely limit to further expansion is a constraint in
supply before 2020 and a limit on exports to akeds high demand and low DNI between 2020 and
2050.

The scenario depicted by the IEA requires a lefefffort that goes beyond the present prospects for
CSP, as documented by Arvizu et al. (2011), whideases the literature on CSP for the IPCC Special
Report on Renewable Energy (SRREN). With heavyidigssSpain has pre-registered plants for 2.3
GW; in the USA 4.5 GW are under power purchaseeagent contracts to deliver electricity between
2010 and 2015. The global installed capacity of @GS#Xpected to be equal to 10 GW in 2015.

There are very few peer-reviewed studies that agkesrole of CSP in future energy systems. Kral an
Clarke (2011) use a large recent database of dJosriarassess the role of renewable energy in ngeeti
future climate mitigation targets. This is the ostudy that shows the range of estimates for CSP
electricity generation in 2020, 2030 and 2050. Iiiné of this study is that of reviewing scenariwih
very different assumptions on technological avdlitgbtiming of climate policy and fossil fuels sts. It

is therefore unclear if the range of estimategiiged by different model characteristics or by the
assumptions on the scenarios. Moreover, Krey aatk€l(2011) does not present data on international

trade of electricity.

To our knowledge, the only analysis of CSP and®fiisa sophisticated economic model is the paper by
Bauer et al. (2008). The main focus of the studyceons the political barriers to the electriciyde
between Europe and the Middle Eastern and Nortlc&drregion (MENA), with a focus on the impact

on macroeconomic activity, sectoral output anddnasations.

Other studies in the literature are mainly policglgsis and scenario analysis (Jacobson and DeJucch
2010; Patet al., 2008; Trieb, 2006; Ummel and Wheeler, 2008liges et al., 2010).

With this article we contribute to the literatung dssessing the incentives to invest in CSP irstesyatic
way using the integrated assessment model WITCHIl@oduced Technical Change Hybrid — Bosetti
et al., 2006, 2007a, 2007b, 2009; www.witchmodg).or

We examine and disentangle the driving forcesdresdte the incentive to invest in CSP and in SG wit
regional detail. In particular, we evaluate how itheentive to invest in CSP changes when we lihet t

expansion of nuclear power and of Integrated Gaiin Combined Cycle (IGCC) coal with carbon



capture and storage (CCS). However, we do not bonitanalysis to technological aspects. We examine

also economic and geo-political issues.

On the technological side we are interested in éxia (i) the optimal timing and size of CSP power
generation, (ii) the Europe-MENA trade of CSP eleity, (i) the impact of CSP on the electricityix.
On the economic and geo-political side we examijar{vestments and cost dynamics, (v) the option
value of CSP, (vi) the feasibility of the foresespansion of CSP, (vii) the economic and energyesys
implications of forcing earlier investments in C&R (viii) the plausibility, implications and the

regulatory requirements of a non-competitive EurbiieNA electricity market.

In this study we restrict the possibility to invastCSP to MENA, the USA and China. These regions
have sites with high DNI and represent a largeesbglobal energy consumption and global emissions
(approximately 60% of global primary energy supghy of fossil fuel emissions from 2005 to 2050 in
our Business-as-Usual scenario). The Eastern arsieieEuropean regions (E-EU and W-EU,
respectively) can import CSP electricity from th&NA region if a SG is built across the Mediterramea
Future work will include CSP in Australia, BraziicaIndonesia as these are the other world regidths w
the most potential for CSP production (Trieb, 2009b

To our knowledge, our analysis is the most compisive in the literature. Compared to previous polic
scenarios in the non-peer reviewed literature veeausolid energy-economy modelling framework.
Contrary to those studies our analysis has a gkdmgle, the mitigation effort is distributed effintly
across countries, between energy efficiency ancagleenization measures, across technologies amd tim
With respect to Bauegt al. (2008) we make further considerations omtitere of the electricity trade
between the Europe and MENA; we also introduce @&8PSG in the USA and in China, and we study
the implications of technological constraints omestments in CSP. Compared to Krey and Clarke
(2011) this study assesses in detail the incentiv@ssest in CSP and provides results on the Euro-
MENA trade.

The rest of the paper is structured as followsti&e@ briefly introduces the reader to the WITCH
model. Section 3 illustrates the major modellinguasptions. Section 4 provides technical details and
information on the calibration of the model. Sectwillustrates the scenarios and Section 6 preserd
discusses the results. Section 7 explores thedatpins of forcing earlier investments in CSP and
Section 8 examines the possibility that MENA actsanonopolist and sells to Europe electricity at a
price higher than its marginal cost. A final Sestsummarizes the major findings of the paper and
illustrates future research work. The Appendix eort the full list of equations and variables; timine

Appendix presents the results of the sensitivitglgsis.

2. A brief description of the WITCH model

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



It is a hybrid model because it combines featufdmth top-down and bottom-up modelling: the top-
down component consists of an inter-temporal ogtgnawth model in which the energy input of the

aggregate production function has been integraeda bottom-up like description of the energy sect
WITCH's top-down framework guarantees a cohererily intertemporal allocation of investments,

including those in the energy sector.

World countries are aggregated in twelve regiontherbasis of geographic, economic and technolbgica
vicinity. The regions interact strategically on lggt externalities: Greenhouse Gases (GHG),

technological spillovers, and a common pool of ewtile natural resourcés.

In WITCH emissions arise from fossil fuels usedha energy sector and from land use changes that
release carbon sequestered in biomasses andBuikssions of Cli N,O, SLF (short-lived fluorinated
gases), LLF (long-lived fluorinated), and S&erosols — which have a cooling effect on tempeeat are
also identified. Since most of these gases aris® fgricultural practices, the modelling relies on

estimates for reference emissions, and a top-dgproach for mitigation supply curvés.

A climate module governs the accumulation of emissiin the atmosphere and the temperature response
to growing GHG concentrations. WITCH is also eqeigpvith a damage function that provides the
feedback on the economy of global warming. Howewethis study we exclude the damage function and
we take the so-called “cost-minimization” approagiven a target in terms of GHG concentrationdn t

atmosphere, we produce scenarios that minimizedbkeof achieving this target.

Endogenous technological dynamics are a key featiMéITCH. Dedicated R&D investments increase
the knowledge stock that governs energy efficieheyarning-by-doing curves are used to model cost
dynamics for wind and solar power capital costshBmergy-efficiency R&D and learning exhibit
international spillovers. Two backstop technologieme in the electricity sector and the othehin t
non-electricity sector — necessitate dedicatedvation investments to become competitive. The cwoists
these backstop technologies are modelled throwghcalled two-factor learning curve, in which price

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

The base year for calibration is 2005; all moneteyies are in constant 2005 USD. The WITCH model

uses market exchange rates for international inocongarisons.

® The regions are USA, W-EU (Western Europe), E-Edstern Europe), KOSAU (South Korea, South
Africa and Australia), CAJANZ (Canada, Japan andvN&aland), TE (Transition Economies), MENA
(Middle East and South Africa), SSA (Sub-Sahararicaj, SASIA (South Asia), SEASIA (South-East
Asia), CHINA (China, Hong Kong, Taiwan and Macao)CA (Latin America and the Caribbean).

® Reducing emissions from deforestation and degiGdREDD) 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
programs. However, avoided deforestation is nobwace of emission reductions in the version of the
model that we used for this study.



3. Modelling assumptions

Demand for electricity arises endogenously in gagion as the solution of the utility maximization
problem in which electric and non-electric energg provide energy services which are combined with
capital and labour to generate the output of tlimemy. Total electricity demand is an aggregate of
electricity generated by various technologies, doedh using a constant elasticity of substitutioE &}
function. We describe the energy nest in Figurad. \ae list the equations in the Appendix. In our
simulations, electricity from CSP will enter varionodes depending on the region, as explainedefurth
in Section 4. The mix of different power generatiechnologies is endogenously determined in each

region. With the exception of electricity from CSfwer generation cannot be traded among regions.

Total demand for electricity from CSP in regioat timet (ELcs 1) must be equal to domestic

production ELcsp) plus net importsELcs x):
Elcsr (1) = ELcep (Nt) + Eleep x (NY) 1)

with ElLcg x (0,t) <0 in exporting regions. In this paper we foausthree producing countries: the

MENA region, the USA and China; therefore we fik-(n,t) = 0 in all other regions. Trade occurs

only between MENA and Western and Eastern Europ&and E-EU), therefor ELqo i (n,t) =0 for

all other regions.

The international price for CSP electricity emergadogenously as the market clearing price thadtegu

demand and supply in each time period:

Y Eleep y (M)=0 Dt 2)
- ;

The revenue (expenditure) for CSP electricity ideati(subtracted) from the regional domestic pradoct

(GY):

Y(n,0)=GY(nt)= )" pgVy(n.t) - Elee, x (MHPesp (1) 3)
q

whereGY is gross output,z quq (n,t) the sum of expenditures on s¢ugputs, andPcs the market
q

price for CSP electricity, as detailed in the Apgien

Investments and Operation and Maintenance costdMjd&r CSP generation §s, O& M) and for the

SG infrastructurel g, O&Mgiq 1) enter the budget constraint:

C) =Y t)- 1.0 = PuZu(nt) = Icep (1) =1 i 7 (1,1) ~O&Mcp (1) ~ O&Myyiq 7 (0.1, 4)



whereY is output of the economy, is the investment in the final good sectz PwZy (N.1) & th

w
expenditure for investments in the energy sectoR&D and other expenses that are detailed in the

Appendix.

The amount of CSP electricitil(cs) supplied to the grid of each reginris determined combining in
fixed proportions:i{) the generation capacity accumulated in each refies,), measured in power
units, corrected through an efficiency coefficiguiant utilization rate).csn, that indicates the number
of yearly full load hours that a concentrating s@awer plant in the specific region may providé); (
CSP plants operation and maintenar@& Mcsp,), measured in USD, converted into energy units by
Ocsr (iii) the capacity of the SGK§;iqn) to transmit electricity from remote areas to ltheal grid,
measured in power units, with its efficiency coaéintugiq,,; and (v) operation and maintenance for the
SG O&Mygiign), measured in USD, converted into energy unitéday Thus the production function of
CSP electricity is of the Leontief type:

ELcsp (01) = min{ Hesp nKesp (01); cgp O&M oo (N, 1); Ui n K grig (0,1); Bgrig O&M g (n,t)} : %)

If investments in transmission infrastructure —fte SG — are sufficient to cover the distanceveen
the networks of two regions, the electricity frorBREpower plants can also be exported. The productio
function for exported CSP electricity differs frahe production function of domestically consumed’CS

electricity only for different grid requirements:
ElLce x (01) = min{)un,CSPKCSD (n,1);8cpO & Mg (N,1); iy x Kgrig x (M,1); Ogrig O & M i x (n,t)}, (6)

where the indeX stands for exports.
Power generation capacity in CSP accumulates s\l

| (0,
K e (0t +3) = K g (1,1~ T ) + ==

—_— (7
Lo (1)

where dcgp Tepresents the CSP capital depreciationaatbSCc< the unit investment cost of installing

CSP generation capacity.

The grid infrastructure grows following the stardi&aw of motion for capital accumulation in energy
technologies in the model. Investments buy grichcitp at the current pricéSCqiq) while the grid

depreciates at the radgq:

_ | grid (nt)
Kgria (0t +1) = Kig (0)A = Ogrig) +m : (8)
Total installed SG capacity includes the SG usedifmnestic consumption and for export:
Kgriar (01) = Kgrig (0,1) + Kgrig x (0,1) - 9)



We assume that the operation and the maintenanttee @jrid are costly and that such expenditures are
needed for both the domestic and the internatismaér-grid:

O&M grid,T (n,t) = 0O&M d (n,t) + 0O&M grid, X (n,t). (10)

ori

Investment costs for CSP plants follow a one-falgtarning curve depending on cumulative world
capacity TK) in CSP power plants with an additional “saturatiterm that increases costs as the

regional installed capacity in the current ydag{ SCcs ) increases:

TK(t) ~@ L (nt+1
SCCSP(”:Hl):SCcsv(”:to)T((t)) 1+¥ ; (12)
0
TK(t+1)=TK(t)+ZS|éS’7((nr’1ti) . (12)
csP\!h

n

We choose a one factor learning curve in orderddehthe learning-by-doing effect, as the literatur
suggests that the main decrease in costs for GBsphill be related to an increase in experiemecke a
deployment, more than to basic R&D (Arvizu et &12; Bosetti et al., 2012). By not taking into asb

all productive areas in the world we possibly uedémate the learning effect.

The saturation term limits the expansion of CSBrin given year within reasonable rates. It works
similarly to a technology penetration constraint; ib has greater flexibility because it does mopose a
fixed limit. Fory > 1, the cost aggravation is very modest when ingtadigpacity is well below the
thresholdB; when installed capacity is equalftahe cost doubles; when it excegdshe cost penalty

increases substantially. Calibration details aseuBsed in the Section 4.

4. Technical assumptions and calibration

CSP plants are either of the linear focus or thatgocus type. Parabolic trough power plants bgltm
the family of linear focus plants and are the nmmshmon type. They are characterised by arrays of
parabolic reflectors that concentrate incidentrs@diation on to an absorber, positioned in theafdine
of the concentrator. Oil is circulated through #iiesorber and heated up to 390 °C. The oil is then
collected to generate steam used in a conventiari@he generator (Arvizu et al., 2011). The cdlbes
can track the sun diurnal course to maximize efficy. In CSP of the point focus type, solar radrati
collected by a series of concentric mirrors is @mi@ated into a single receiver, usually placea cower
(power tower). Temperatures of more than 1,000€Che achieved, as in the most advanced gas
turbines’

" Linear Fresnel reflectors and dish systems arentimor types of linear and central focus CSP plants
(Arvizu et al., 2011).



Both plant types can store heat to generate aa@ainfiow of steam and of electricity. Trough plaogn
already achieve 6-7.5 hours of storage (Arvizu.e2811), while central receiver plants can stuzat
even more efficiently. An experimental plant in 8pia designed to achieve up to 15 hours of heat

storage (Arce et al., 2011).

Despite their attractiveness, solar towers arkattheir early phase of development. Thereforthis

study we focus on parabolic trough power plantsafbich more is known about market costs (Richter,
2009)% We set investment cost at 6,500 USD per kW, assyintegrated thermal storage units for seven
hours; operation and maintenance costs are eqd@a® USD per kW (Kaltschmiét al., 2007). These
costs are in line with those expected from thesta@alifornian development project: the Blythe $ola
Power Project (Streater, 2010). The Special RepoRenewable Energy (SRREN) of the IPCC finds
that capital costs are in the range of 6,000 t60\3SD/kW and operation and maintenance costsen th
range of 60 to 82 USD/kW (Bruckner et al., 2011).

The number of hours of clear sky and atmosphemditions have a great influence in determining the
level of DNI that a production site receives. We dgata on DNI from the U.S. National Renewable

Energy Laboratory (NREL) estimates, available frit\es NASA Atmospheric Science Data Certer.

For MENA, we consider delocalised production irfetiént sites in the Sahara Desert region as ciyrent
discussed (Trieb, 2006; Trieb and Mdller-Steinha@®®7); for China we have chosen the Tibet area
around the city of Xigaze, as one of the optiorscdbed in Chien (2009), and for the USA we conside
production in Arizona, around Phoenix, the mostdpiaive part of the country. The number of fulldoa
hours of operation per year is taken from TrietO@§) and Kaltschmitkt al. (2007). We use an annual
depreciation rate of 10%, which corresponds towgoglant lifetime of 20 years. Further details are

provided in Table 1.
[Table 1 approximately here]

Table 1 also shows the cost of electricity generateh CSP in the producing regions, under altéveat
interest rates. Our costs are close to the uppandof the interval found in the Appendix Il tceth
SRREN report (Bruckner et al., 2011), for the 3%, &nd 10% interest rates. However, unlike Bruckner
et al. (2011) we do include the cost of the gritkémsport electricity from remote production sites
consumption sites (except for MENA, where favouegimoduction conditions exist near consumption

sites).

An important feature of WITCH is that the cost tdaricity is not an exogenous input in the models—

for the great majority of integrated assessmentetsodith energy modules separated from the

8 Existing plants include the SEGS plants in Catifar Nevada One in Nevada and the Andasol Plants in
Spain. Installed capacity in 2009 was 500 MW, whiteler-construction or proposed capacity currently
exceeds ten thousand MW (Arvizu et al., 2011).

° Available athttp://eosweb.larc.nasa.gavl his dataset uses NREL'’s Climatological Soladigéon

(CSR) Model which accounts for cloud cover, atmasjghwater vapor, trace gases, and aerosol in
calculating the insulation with measurements chéd@gminst ground stations where available.




economy™’ The interest rate emerges endogenously as thewshadue of capital in WITCH. The
interest rate reflects the productivity of capitater alternative uses, both in the present atigeifiuture.
The remuneration of capital realistically diffeks@ss countries, according to their level of depaient.
Generally, developing countries have higher inter&gs because their marginal productivity is kigh
than in developed countries. Analogously, the Bgerate in developing countries falls as theyrigéer.
The implication is that investments in power planith high capital requirements are more costly in
developing countries than in developed countried,ia the future capital-intensive generation

technologies become relative cheaper than fuehsite technologies.

At the bottom of Table 1 we report the endogenaterést rate in China, MENA and the USA in 2010
and 2050 and the cost of CSP generation calculetie) the endogenous interest rates and assundhg th
investment cost remains stable at 6,500 US$/kWnEnighout accounting for learning effects, from

2010 to 2050 CSP electricity cost drops by 32% &, 11% in the USA and by 5% in MENA.

Technological progress reduces the cost furtheP. 8% proven technology at the utility scale. Cost
reduction will come from incremental improvemerather than from major technological breakthroughs.
New fluids to capture, transmit and store heatlmawst efficiency. The collector is the largest dia
potential cost reductions, whereas the thermodyoaminponents of the plant already benefit from the

knowledge developed in other thermal power plaftsigu et al., 2011).

The nature of the technological progress in the ©8Bstry justifies the adoption of one-factor gibb
learning curves. We use a learning ratio of 10%iAr et al., 2011; IEA, 2010c; Neij, 2008; Ummeban
Wheeler, 2008). This means that investment costseatuced by 10% at every doubling of the installed
capacity. Estimates of the learning ratio in theréture vary from 15% to 8% (Arvizu et al., 2011;
Enermodal Engineering Limited, 1999; IEA, 2003, @61Kearney, 2003; Neij, 2008; Williges et al.,

2010). A wider range of learning ratios is testedhie sensitivity analysis.

The learning process occurs as an externality.éfbe, countries benefit from the positive techgatal
externality but do not govern it. However, WITCHaiperfectly forward looking model and countries

exactly forecast the technology options and cdetsthey will face in the future.

We do not have empirical evidence to calibratecths aggravation term in equation (11). Weyfiequal
to 3 andB equal to 380 GW. This means that the construaifat0 GW, 180 GW and 500 GW of power
generation capacity over five years (the time-stiepur model) bears an aggravation equal to 0.002%,
10.6% and 227.8%, respectivélyThere is of course some arbitrariness in the ehofchese parameters.

Thus, we test our choices with a sensitivity analgsd find that the results are robust.

9 The decision variable in WITCH is the amount oféstment in each technology, at any point of time.
Leontief-type production functions associate tcestments the highest amount of electricity thatlman
generated for that amount. These functions arbregéid using the technical parameters of powertplan
(efficiency, capital costs, fuel use, operation amantenance costs, etc.).

1 GW is roughly the power capacity of a large qualer plant; the cumulative global CSP installed
capacity in 2012 is equal to 1.9 GW, mostly comsisbf parabolic troughs plants.
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HVDC cables connect the remote areas where eliggtiscgenerated to major consumption ar¥as.
Estimates of investment costs for such infrastmgctary in the literature and depend on the
characteristics of the cables: voltage, power dpaad overhead/submarine. We consider cables with
5GW of power capacity and +/- 800 kV voltage. W&a@polate costs from May (2005) and Trieb (2006)

and we provide detail in Table 1.

For the Europe-MENA interconnection we assume cotimg power lines of 3000 Km (Bauet al.,

2008; Czisch, 2004; Trieb, 2006). One fourth of¢banection lines is submarine, the rest is ovethea
Such lines would allow the connection of the mastimern parts of the Sahara with Scandinavia oremor
inland areas with the centre of Europe. For Chieeconsider overhead transmission lines equal t6 280
Km, calculated as the average between the distarfcéigaze from three of the major industrial cexstr
Beijing, Shanghai and Guangzhou. For the USA, weme the transmission of the electricity generated
to be split in half between the West coast andBl& coast. Considering Phoenix, Los Angeles and Ne

York as reference points this entails overheadstrassion lines of 577 and 3447 km respectively.

We assume that CSP electricity enters the CES ptmfunest illustrated in Figure 1 in different msdn
different regions. In MENA, CSP enters as a persetistitute of either oil or gas electricity, asdb are
major power generation sources in the region. liotaker regions, CSP electricity enters as a perfec
substitute of either nuclear power or coal (botthwind without CCS). We focus on nuclear and coal
because their expansion may be limited by issu@siblic acceptability and CSP could provide a

valuable alternative.

All regions without the CSP option still have a gga electric backstop technology that enters as a

substitute to nuclear power.

5. Scenario design

We analyse a Business-as-Usual (BaU) scenario witeolimate policy is in place and four climate
policy scenarios in which GHG concentration cartrehigher than 535 ppm G@q in 2100. This
requires that global emissions are 33% lower thar?005 level in 2050 and 51% in 2100. The
stabilization scenarios have different assumptmmghe availability of nuclear power and IGCC coal
power with CCS, as detailed in Table 2. In ordesttaly the role of CSP in climate mitigation welbui
four corresponding cases in which it is not possiblinvest in CSP to use as counter-factual. \We al
analyse a scenario with forced earlier investman@SP to evaluate the benefits of a coordinatéidm@mc

to anticipate investments in this technology (seetisn 7).

[Table 2 about here]

2 Transmission power losses are in the range of@%ad00 Km, while HVDC terminal losses are 0.6%
per inlet or outlet station (May, 2005). Power saission over distances of 3000 Km entail transimiss
losses around 10%, while high voltage alternatungent (HVAC) cables would cause power losses of
around 20% and higher investment costs (Breyeramels, 2009).
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All of the above scenarios include the possibilitythe USA, China and MENA to produce and
domestically consume CSP electricity and for E-EEld ®W-EU to import from MENA. Moreover, all
scenarios include a constraint on domestic renensdalirces: regional wind and solar photovoltaic
electricity generation cannot exceed 25% of thal tatgional generation to limit the penetration of
intermittent electricity sourcés.

In order to reach the 535 ppm &€ target, we set for each time step of the maasdiling to global
GHG emissions consistent with the concentratiogetin 2100. The model allows for spatial flexityili
but it does not allow intertemporal flexibility. €refore we might overestimate the cost of imposing
technological constraints. To be able to achiewh ®mission targets, the twelve regions of the hode
have the possibility of undertaking the followingtians: {) reduce consumption of energii) change
energy mix; {ii) trade emission permits in a world carbon mar{e};reduce emissions from LULUCF

and emissions of non-G@asses?

6. Results

This section explores simulations results and fesum (i) the optimal timing and size of CSP power
generation, (ii) investments and cost dynamicB,tfie Europe-MENA trade of electricity from CSIR)(
the impact of CSP on the energy mix, (v) the optialue of CSP, and (vi) it assesses the feasilfity

the foreseen expansion of CSP.

6.1. The optimal timing and size of investments in CSP
Our results show that it is optimal to invest inFC&der various scenarios. In particular, we fimat for

MENA CSP is not only a valid mitigation strategytlit is an economically viable generation techgglo

even in the absence of climate policies (Figure 2).
[Figure 2 about here]

For MENA, it is optimal to invest in CSP from 20@8%en without the climate policy. Investments siart
2035 (power generation in 2040) under all stakilirapolicy scenarios and are higher in the scesari
with constraints to nuclear power and IGCC coahv@CS. In the USA and China it is instead not
optimal to invest in long distance CSP without ¢limate policy. In the climate policy scenariostwit

technological constraints, generation starts fr@H@22045, when the global price of carbon is etuial

13 Note that this 25% limit does not apply to the G8&tricity. Without limits to the penetration wfnd
and solar photovoltaic — and without constraintsitber nuclear or IGCC with CCS — there is no detna
of CSP electricity from E-EU and W-EU. CSP is imgteised in MENA, in China and in the USA, but
production starts later in the century.

4 The allocation of carbon permits follows a “cowtian and convergence” rule, which assigns global
emissions targets to each region, initially in pndggn to current emissions and then, progressjialy
proportion to each region’s population, with thenaif reaching similar per-capita emissions by the e
of the century (Meyer, 2000). The distribution efrmits affects only the distribution of stabilizati

costs and alternative allocation rules would thenefeave unchanged investment decisions in CSP as
well as in other technologies (Coase, 1960). Mot@nges would appear in case of strong revenue
effects.
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175-200 US$/tCQeq while, in the unconstrained scenario, in 2@%@comes competitive with nuclear
and IGCC coal with CCS (price of carbon equal t@ ¥5$/tCQ-eq).

In absolute terms, China is the region with thgéat production of CSP electricity, followed closby
the USA. This is explained by the growing sizehaf €hinese economy, which, in our BaU scenario,
reaches the size of the US economy at the enceafehtury. Recall that the total quantity produbgd

MENA shown in Figure 2 includes both domestic canption and export to Europe.

Simulations show that the U-Stab scenario conveimése CC-Stab scenario and the NC-Stab scenario
tends to the NCC-Stab scenario; this is relatatieédact that the attractiveness of CCS in thetetaty

mix decreases towards the end of the century daecapture rate lower than one (set at 90% iniitle
current technological predictions). Domestic congtiom of CSP for MENA is not very sensitive to the
different policy scenarios because nuclear powdr@@S are not major technological options in the

region (Figure 6); the differences in Figure 2 rhodepend on the variance of demand from Europe.
[Figure 3 about here]

For what concerns the SG infrastructure neederhtsinit the electricity generated, we have assuined
construction of HVDC cables able to transmit theximaim amount of generated C$PTherefore, the
needed SG installed capacity for China and the &isbe read from the right-hand side of the graphs o
Figure 2 that report CSP installed capacity. Fighinestead shows the installed capacity of SG
infrastructure that is needed to allow the expd@8P electricity from MENA to Europe. The senstijv
of the needed amount of connecting infrastructsiggain strongly related to the assumptions on the
future expansion possibilities of nuclear poweEirrope. Indeed, if nuclear power will not be alole t
penetrate the market above 2005 levels, the defioar@SP electricity will, according to our simulartis,

more than double, compared to the results of theesponding scenarios with no limit on nuclear powe

6.2. Investments and cost dynamics
Figure 4 reports the investments in billions of U®essary to build in MENA (including capacity and

grid for exports to Europe) and in the USA the G®E SG capacities depicted in Figure 2 and 3. China
follows a pattern similar to that of the USA. Whifestalled capacity increases constantly, the amotn
investments remains rather stable from 2060 onwdilis happens because investment costs decline as

the global cumulative installed capacity increases.

The investments needed for the construction oBBanfrastructure are significantly lower than thdsr
the generation power plants and range between df3fe total investment costs for MENA, and 5-15%
for the USA. Their share increases over time afawe assumed non decreasing investment costsefor th

SG infrastructure.

5 Recall that we do not model daily or seasonaldsdsut global annual generation for 5 year timpste
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The cost paths depicted in the left panel of Figurepresent the weighted average of the costsscro
regions that we obtain for the four policy scenstfanvestment costs drop quickly as global installed
capacity increases. In the first ten years durihictvinvestments in CSP occur the cost drops Ilhast
50%. Eventually the cost reaches a floor of abgs®d US$/kW. Therefore, the major reason for
postponing investments in CSP is the presenceedpdr abatement possibilities. The online Appendix
reports the costs of all electricity generatiorhtedogies, divided into capital, fuel and €€missions

components that emerge from our simulations asfuluseference.

6.3. The Euro-MENA trade of CSP electricity

Our results also show that a SG that connectsdahepnetworks of MENA and Europe becomes
remunerative in the CC-Stab and the NCC-Stab stenfiom 2045. Without constraints to nuclear
and/or IGCC coal with CCS, the Mediterranean SGbmezs an attractive option from 2060 onwards.
Figure 7 shows how the total CSP electricity geteer&dy MENA is divided between domestic
consumption and exports to E-EU and W-EU. We ftmat:t() most of the electricity produced is for
domestic consumption, (ii) electricity directedMBEU is higher than towards E-EU, but imports
represent a greater share of E-EU electricity condion (see Figure 8) and in value, a relative grea
portion of E-EU gross domestic product (GDP) (Ta)le(iii) both domestic consumption and exports
increase over time, but exports are more sendibivke technology scenarios. This is mainly duth&o

fact that MENA has low levels of generation withtthauclear and IGCC coal with CCS power plants.

The fact that the largest part of CSP productioMBNA is for domestic consumption is an important
result from a policy point of view. Indeed, it iptamal to build CSP plants first for domestic reasand
then as an export opportunity. The attractivené€3S# would increase if large desalinization prtgec
were to increase demand for energy, and if theegyfaatural gas and of oil was to increases faktar

what prospected in our scenario.

Figure 6 shows the market clearing price for theoEMENA CSP electricity trade under the different
scenarios. The price has a decreasing trend thelgied to investment costs. It starts — in thestmo
extreme case — from just over 30 c$/kWh and deesetms10-11 c$/kWh at the end of the century. The
large price differences at the beginning of thelérare due to the different costs of production énise

for the different scenarios.

Table 3 reports the market size of the trade betidENA and Europe. Money flows are reported in
absolute values and in relative terms with respeoegional annual GDP. Indeed, our simulations
indicate that starting from 2055, this trade builgisa market of several hundreds of billions of US$
More in detail, imports from W-EU reach 0.6% of tiegional GDP, and 1.6% in E-EU. For MENA the
export of CSP electricity generates revenue thetaats for between 0.8% and 2.7% of the regional
GDP. As a reference, consider that total fuel ingpby EU-27 were equal to 192 US$ billions in 2009,

18 This is the average of the regional costs weightethe amount of production of the region. Thee a
some differences in the regional investment coséstd the component of the investment cost that
mimics short term frictions (see Eq. 3).
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1.3% of GDP, and that total fuel exports of the Me&East (not including Northern African countries)
were equal to 437 US$ billions in 2009, 68% of raruise exports.

The investments needed for the construction oBBdnfrastructure, necessary to allow this tradage
between 1-26 billion US$ per year in absolute teamd, in relative terms, between 0.02-0.27% of the
GDP of MENA. Therefore, the annual investment dff@eded for the deployment of the CSP capacity
and the SG appears within the financing possibdftENA countries, thus, funding from European

partners or from international organizations dogtsseem crucial.

6.4. The impact of CSP on the electricity mix

CSP power enters as a substitute of oil and/opgagr plants in MENA and as a substitute of IGGC
coal with CCS and/or nuclear power in China, E-BJEU and the USA. Figure 8 displays the optimal
switching strategy. In the MENA region, CSP sulgis both oil and natural gas power plants. In E-EU
W-EU and China, CSP substitutes nuclear power ibfitpits on penetration are imposed. This reveals
high option value for nuclear power in those regidn the USA, CSP substitutes nuclear power even
without limits on its expansion because the CSelatively less expensive than in other regions (se

Table 1, the Appendix and the online Appendix).

Although CSP is in direct competition with only twpecific generation alternatives for each regibon,
can ultimately substitute all generation sourcesltimnging the optimal technology mix (Figure 1).
Figure 9 shows the electricity mix of the five rexg$ that we are studying together with the global

electricity mix.

In W-EU, in the BaU scenario, the main sourcesi@ftecity are fossil fuels (in particular coal agds),
nuclear power, and renewable sources. Over tinre iBea contraction in the electricity share of,gak
and coal and an increase in the share of wind alad BV (W&S). Nuclear power remains fairly stable.
A climate stabilization policy (without technologicpenetration limits) induces a contraction offafisil
fuel sources, especially coal, the introductioh®EC with CCS, an expansion of nuclear and of W&S.
When generation constraints on nuclear power dareduced, the latter contracts and the share of
hydrocarbon sources (especially IGCC with CCS wiitdeeallowed) increases until imported CSP starts
to have a relevant share in the mix. When IGCC petidn with CCS is not allowed the nuclear share
expands significantly. By the end of the centulng, YW-EU electricity mix is dominated by three main
sources: nuclear, domestic renewable power inctubydroelectric power, and imported CSP power. In
particular, in the scenarios where limits on nuclgaver expansion are imposed, CSP imports become

the single most important electricity source.

In E-EU the electricity mix in the BaU scenariadisminated by coal power. Therefore, IGCC coal power
plants have a much greater role than in W-EU inpihlecy scenarios. Nuclear is the dominant abatemen

technology at the end of the century, when carbakdges from CCS are heavily penalized. For this

" Data from tables 11.2, 11.5 and the trade profitdshe International trade statistics 2010 putiaaby
the WTO, expressed in 2005 US$. For an analysiseo€ontraction of revenues from oil trade in a
stabilization scenario see Massetti and Sferra@201
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reason imported CSP has a great role to play 2680 in those scenarios where nuclear power igdini
By the end of the century, with climate policy,@leity production is based on nuclear power and o

domestic and imported renewable sources.

In MENA the BaU electricity mix is dominated by ggsneration until 2050. After 2050, high gas prices
and cost reductions in CSP plants make it optimaise solar power plants even in the BaU. With the
climate policy in place, this trend is reinforcettidhe CSP share of total electricity generatiathes
90%. There might be technical limits to very higimptration shares, but the possibility to store faga
many hours and/or to use hybrid CSP-natural gageppiants supports our findings (IEA, 2010b; Trieb,
2009a; Trieb and Muller-Steinhagen, 2007).

In the United States, coal, nuclear power and gagmte most of the electricity in the BaU scenario
With climate policy, IGCC with CCS and nuclear pawewhere available — or gas generate the largest
fraction of electric power. Around 2050 renewalerses drastically increase their share of eldgfric
generation, especially long distance CSP. By tlieadithe century, CSP generation covers 70% of

electricity generation.

In China the electricity mix is dominated by coatlehydro-electric power in the BaU. With the
stabilization policy, pulverised coal is substitlitey IGCC with CCS and nuclear power, where these
technologies are available. From 2050 it becomdisnapto generate electricity with CSP that reaches
very large shares by the end of the century. Istergly, nuclear is a “bridge” technology in ourSfab

scenario and decreases in share after 2050.

If we compare the electricity levels depicted igute 9 to those of the corresponding scenariosowith

long-distance CSP, we find that this technologydaseat potential for electrificatidfl.

6.5. The option value of CSP

In this section we assess the value of CSP agemmative power technology option. We define the
increase in mitigation cost that occurs when aretgy is not available relative to the scenarithvwhe

technology as thetabilization-cost option-value."
[Table 4 about here]

Table 4 displays estimates of the option value 8P@vhen nuclear power and IGCC coal with CCS are
available or restricted. The table also reportseftenated option value of nuclear power and IGG8&l ¢

with CCS when CSP is either available or not.

18 More in detail, aggregating over time we find tfatW-EU having the possibility to import CSP from
MENA via a SG induces a higher use of electricit¢% in U-Stab, +18% in NC-Stab, +2.5% in CC-
Stab, +45% in NCC-Stab). For E-EU the increaseeargptween 4% in the U-Stab scenario and 54% in
the NCC-Stab scenario. For MENA, electricity congtion increases from 24% (U-Stab) to 58% (NCC-
Stab), maintaining the same level of economy-witl3Gmissions. For USA and China, these values
range from 6% to 77% and from 7% to 84%, respelstive

9 We use a global cap-and-trade policy tool witHmanking and borrowing. This implies that mitigation
is efficient across space (there is one singleallplice of carbon) but not necessarily across .ty
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Indeed, the stabilization cost option value of GBIl regions excluding MENA ranges between 0.1%
and 1.1% of discounted GDP in the U-Stab scenfinm 0.1% to 2.0% in the NC-Stab scenario, from
0.1% to 1.8% in the CC-Stab scenario and from @ %4% in the NCC-Stab Scenario. CSP is a
relatively less attractive option in W-EU because share of coal power is relatively low and tharstof
nuclear power is relatively high (recall that th€{$tab scenario is not a phase-out scenario: it

constraints nuclear capacity to 2005 levels).

The possibility to import electricity from CSP powadants in the MENA region decreases the
stabilization policy costs by between 5 and 27%\i@stern Europe and between 6 and 27% for Eastern
Europe, compared to the corresponding policy casi®ut the CSP option (see Table 4). For the USA
and China, these policy costs are reduced by 12-@878@25-47%, respectively. MENA reduces its losses
by between 44 and 66%.

For what concerns the option value of nuclear paamer IGCC coal with CCS, our results indicate that
when CSP is available, the stabilization cost aptialue of nuclear power and IGGC coal with CCS,
separately or jointly, is reduced greatly, espégcial China and in the USA. The stabilization coption
value of MENA is negative because the region gams exports of CSP to Europe. CSP reduces the

option value of nuclear more than of coal power.

6.6. Comparison with the literature and discussion
The scenarios discussed in Section 6 indicatettishot optimal to invest in CSP generation befor

2035 for all three producing regions. Significamtéstments should occur only from 2050 onwards.

Many non-peer reviewed studies though, suggesinkiastments should start much earlier, around 2020
2030, as reported in Table 5 (IEA, 2008, 2010a020Richter, 2009; Trieb, 2006, 2009a; Trieb and
Miller-Steinhagen, 2007; Ummel and Wheeler, 2088)me studies see a potential for CSP trade also in
a world without climate policies (Richter et alQa®). Krey and Clarke (2011) examine 57 climateqgyol
scenarios from the recent IAM literature to asskegmportance of alternative mitigation technoksgi
They divide the scenarios in three broad clasbesBaU scenario, a moderate climate policy scenario
(440-660 ppm C@only) and a stringent climate policy scenario (84pm CQ only). Table 5 displays

the median values of electricity generation withPd8r each scenario class.

Our study (535 ppm C£eq, -30% of global emissions in 2050 wrt 2005|sfal the moderate climate
policy category. With respect to the literature scenarios indicate that it is not optimal to iiesCSP
electricity in the first part of the century, witlioclimate policy. Instead, if there are constraiit the
penetration to nuclear and/or IGCC coal with C@®,4cenarios indicate that it is optimal to invest
CSP as much, and sometimes above, what predictdwelnon-peer reviewed literature and by several

IAM scenarios®

reducing the flexibility of allocating abatementegs time we might overestimate the cost of intchaly
technology constraints. As a consequence, theptfue of CSP might be overestimated as well.
20 Some studies surveyed by Krey and Clarke (20%b) iaclude technological and/or political
constraints. Therefore the comparison is not dhtéagward.
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The model has enough flexibility to induce a lange of CSP. However, without climate policy and
without constraints to other base-load, low-emisspgpwer generation technologies it is generally no
convenient to invest in CSP. CSP is a niche teduyolfor areas in which the DNI is high, when the
price of fossil fuels increases considerably. Tdrge subsidies that are driving CSP capacity expans
corroborate our hypothesis (Feed-In tariffs aranEe 30 € cents/kWh, Spain 27 € cents/kWh, Italy 22
28 € cents/kWh, India 19 US$ cents/kWh, Turkey B4&Zents/kWh. Source: Richter et al., 2009).

In the long-term instead, especially under climaaécy with constraints on nuclear power or on IGCC
coal with CCS, CSP becomes an economically vialéereative and generation capacity expands
enormously. It is important to assess if these petidn levels can be implemented in practice. We

consider two potential limits: space and the coxipteof the grid infrastructure.

A large deployment of CSP electricity generatiod @a transmission over long distances to reach
consumption sites necessarily implies a large fidtin terms of land and infrastructure (see Ta)lelf
we compare the total surface of the Sahara desé#retportions needed for the CSP mirrors in MENA
for domestic consumption and export to Europe,ine that the latter, although very large, corresptin
about 3/1000 and 1/1000 of the available surfazspectively. Therefore availability of space does n
seem a problem in the MENA region. In the USA iagtethe surface for the largest expansion of nsrror
would require 0.26% of total land in the contigud@sStates, corresponding to about 6% of land in
Arizona; in China, 2% of Tibet should be used tstfoSP power plants. It is not clear if this large

footprint is actually feasible or not.

Table 6 also reports the number of 5GW HVDC catilas would need to be installed for the
transmission of CSP electricity within the USA, it China and between MENA and Europe. Notice
that the number of 5GW cables needed is very hightd 500 in China, in 2100), especially if compmhare
to the existing or planned interconnections. In2€ie capacity of the highest intra-European
interconnection was equal to 6GW; in 2050, the nexide-friendly European Climate Foundation
Roadmap 2050 foresees an interconnection capdofy@®W between France and Spain (ECF, 2010).
Investments for increasing the interconnectiondistint areas are taking place at national or
international levels. Examples of underway HVDCdstment projects are found in Germany, Finland,
the UK, the USA, China, Brazil, India, New Zeelaadd between Germany and Norway, and France and
Spain®! The power grid is still very fragmented in the U($oskow 2012). Therefore, our scenarios with
the highest penetration of CSP pose engineeringédndnistrative challenges for the authorization,

implementation and management of the power grid.

2! Information on these projects may be retrievedliffierent websites including:
http://www.reuters.com/search?blob=hvdc; http://wemergy.siemens.com/entry/energy/hg/en/;
http://www.abb.com/industries/it/9AAF400191.aspx®awy=GB; http://www.rockislandcleanline.com;
https://www.transpower.co.nz/projects/hvdc-intdafisl-link-project, last accessed on February 172201
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7. Early investments in CSP

In the sensitivity analysis (online Appendix) weaeine how the optimal timing of investment in CSP
changes with alternative assumptions on capitdl #de find that when the cost of CSP drops by 30%,
investments occur earlier than in the central casealways later than in other studies. Therefotieer
studies must assume at least one of the followpigos: () much lower capital costs of CSP and SG
(also thanks to subsidies)i)(much higher costs or limits to the penetratiotbfer carbon free
electricity generation technologiegij) less opportunities for energy efficiency improents, {v) other

non-tangible benefits or positive spillovers.

In this Section, we focus on the latter explanatiod we examine the role of learning externalities.
must be recalled that the standard solution of VHTi€the outcome of a non-cooperative game. Since
the cost of CSP is governed by a one-factor gltdzahing curve, regional social planners do not
internalize the knowledge spillovers and invess lesind later — than what it would be socially iyt

(See Equation 12). Would it be socially desirabléorce countries to invest more and earlier in &P

We assume that MENA, China and the USA introduceadinated policy that forces the investments in
CSP to be above a minimal threshold from 2010 @®80. This threshold is different for all regicarsd
varies over time in order to replicate the investitattern in CSP found in the “New Policies Sceiar

of the World Energy Outlook 2010 (IEA, 2010c). Acdimg to this scenario China and the Middle East
deploy 17 GW of CSP in 2035 and the USA 12 GW. fHnget is to stabilize GHG concentrations at 535
ppme by 2100, with no limits to the penetratiomatlear or IGCC with CCS power (“Early-U-Stab”).

[Figure 10 about here]

The Early-U-Stab scenario shows that a more raxpamsion of CSP determines a faster contraction of
investment costs than in the U-Stab scenario, diearning-by-doing (Figure 10). However, after Q05
the learning effect vanishes and the cost curvasarge. After 2030 the USA and China stop investing
while MENA keeps adding CSP capacity. When the W84 China resume investments in 2045, they
add much more capacity than in the U-Stab scemedause the cost of CSP is lower. However, they
rapidly converge to the investment pattern of th8tdlb scenario. CSP electricity trade with Eurdpets

five years earlier, in 2055.

The forced anticipation of investments has posiietfare effects. MENA, CHINA, the USA and
Europe have higher discounted welfare than in tH&téb scenario. The policy acts as a coordination
mechanism and internalizes the learning exterealitHowever, the discounted consumption gains with
respect to the U-Stab scenario are very small:690.(5% interest rate) or +0.24% (3% interest rate)

MENA; much lower in all other regions.

Therefore, learning externalities might motivate ihtroduction of moderate subsidies to invest 8PC

in countries with high production potential. Howevdéey do not suggest that it would be optimal for

2 Externalities within each region are instead fitiyernalized.
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Europe to import CSP electricity before the secloald of the century, nor they suggest that largéyea
expansions of CSP would be optinal.

8. Building a Mediterranean power market: energy
security and regulation Issues

In this section we argue that the functioning tdrge Mediterranean power market might not be as
smooth as assumed in the previous Sections arftelnest of the literature for two main reasons: (1)
large imports of electricity from the MENA regionght affect the security of the European power
market and (2) producing countries might have tieemtive to form a cartel to sell electricity atcess
higher than the marginal cost. Without a strongrimational effort to build trans-Mediterranean
cooperation and international institutions to regelthe power market, the risks might outweigh the

benefits.

8.1. Energy security

In our scenarios, CSP electricity covers from 18%6% of total electricity consumption in EuropdeT
Desertec concept foresees 17% of electricity copsiom to be provided by the MENA region in 2050.
In Bauer et al. (2008) electricity from the MENAgien covers about one-third of electricity consuimipt
in Europe. These large shares of imported elettimse a technical and political challenge for the
European power market, which is now practically-safficient. Particular attention must be paid to
avoid negative repercussions from disruptions engbwer supply from MENA countries. A sudden
collapse of supply would put the whole Europeanvoek under stress. A large share of imported CSP
therefore requires costly investments in back-ygacty, which reduce the convenience of transfering
displace electricity generation in the MENA regf§mnalogously, MENA countries would face the

dangerous situation of depending on one single etdok exports.

8.2. Market regulation
The creation of a large trans-Mediterranean médudetlectricity requires the establishment of an

international regulatory agency to oversee thetfanig of the super-grid and to ensure the highest
possible level of market competition. We believattthe discussion of the institutional aspects lafrge
Mediterranean grid should be moved on top of ttendg, before any large investment project statris. |
not unrealistic that a future Europe-MENA tradelddeecome a bilateral monopoly, with both monopoly

and monopsony features. Therefore, market priceoatylit will likely be determined as the outcome of

23 With constraints on the expansion of nuclear aB&@ade could start earlier, but the literature
assumes (at least implicitly) scenarios withoutstints on specific technologies.

4 The Desertec concept is very optimistic on theetiyment 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-ansi#e809). Trieb (2006), instead recognizes that
trade of electricity across the Mediterranean sdenavill not become reality automatically. A
developmental path “enlarging the gap” is not astiexXfiction, according to Trieb (2006).
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an international bargaining process. A badly refgulanarket can cause serious international fristimd

might eventually jeopardize the establishment efrtiarket itself.

In particular, countries part of the MENA aggregatight have the incentive to form a cartel to sell
electricity at prices higher than the marginal cdstis hypothesis is not unrealistic and is supgubily
the historic ties that many MENA countries havehi@ Organization of Petroleum Exporting Countries
(OPEC). This Section tests this hypothesis.

In the standard solution of WITCH, all regions §vdce takers”, i.e. they are not able to excempt a
market power. This implies that in all the scensie@amined in the previous sections, MENA exports
electricity at a price equal to its marginal cdgtose scenarios constitute the best possible market
structure for Europe. In order to test if MENA ctnis have the incentive to build a cartel, we preg
an additional set of scenarios. Instead of letsingply and demand forces determine the market,grice
these new scenarios we fix the price of CSP ebitstrand we let demand adjust to it. It is impottan
note that the returns to scale to the CSP indastrjinear, with space not being a limiting factor.
Therefore supply can support any level of demankdfprice is above the marginal cost. If the price
below the marginal cost supply goes to zero. Ifghiee of electricity is too high, demand dropszé&vo
because alternative carbon-free power generatitiorapin Europe become more affordable. The left
panel of Figure 11 displays the minimum and theimar price vectors for which a Mediterranean
market for CSP exists. Since we do not pose angtcaint to the deployment of nuclear power and CCS,

the minimum price (p-min) is equal to the pricahe U-Stab scenario.
[Figure 11 about here]

All combinations of prices and the correspondingmities traded, included in the grey area, aret®ar
improving compared to the corresponding simulatiwhere CSP trade is not allowed. We tested three

intermediate trajectories of prices.

We find that as price increases the quantity tratkmmeases and therefore both revenues and costs
decrease in the MENA region (see the right panéligdire 11). Profits, defined as the differencenaen
revenues from CSP sales and costs to generateaarsinit electricity, follow an inverted-U relatidrp
with prices of electricity because demand in Eurepe particular in W-EU — is quite elastic in our

model as domestic carbon-free options are available

On welfare grounds, MENA’s consumption and welfi@reels also follow an inverted-U relationship
with prices of electricity, and reach their maximbetween p2 and p3. Therefore, compared to the
competitive equilibrium case, MENA is better offtlviprices between p2 and p3. W-EU and E-EU are
instead better off in correspondence with the mimmprice vector where they are able to import gdar
amount of zero-carbon electricity at lower pridéshe market will not be perfectly competitive gth

exact exchange price will depend on the bargaipimger of the three regional blocks.
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The proponents of the Desertec concept do notugetieat MENA countries might form a cartel because
Europe has the potential to generate CSP doméstanad would discourage any monopdiye show
here that there are instead incentives for MENAntioess to behave as a block and to supply elettradi

a price above the marginal cost. However, pricemegincrease too much because Europe can expand
the domestic supply of electric power from nucleagl with CCS and renewables. Of course, the

bargaining position of Europe gets weaker if thpldgment of nuclear power and CCS is limited.

9. Conclusions

This paper examines the effects of introducing @ob@ated Solar Power (CSP) transmitted by means of
Super-Grids (SG) in five regions of the world: GhikEastern Europe (E-EU), Western Europe (W-EU),
the Middle East and North Africa (MENA) and the td States of America (USA). The Integrated
Assessment Model WITCH is used to perform a nuraédssessment of the economic and technological

potential of CSP and its transmission over longagises.

The analysis of the simulation scenarios shows(than extensive use of CSP will generally become
optimal after 2050. Constraints on the use of rarcéd/or of IGCC coal with CCS have an impact on
the size of investments in 2050, but a smallercefda later years, when the cost of CSP declinagsh
CSP generation by MENA is optimal from 2040 onwaadd large, under all climate policy scenarios. In
the second part of the century it becomes optimahén the Business-as-Usual scenaiig.l the first
part of the century, it is convenient for Europénport electricity from the MENA region only when
there are constraints to the expansion of nucledfoa to the use of IGCC coal with CCS. Trade start
around 2040, at about 30c$/KWh. The price of CSttadeses over time to 10-11 c$/KWh. In the second
part of the centuryiif) CSP covers a very large share of the electrinityin all regions in which the
option is available. CSP is an important technologiion that iv) has a high stabilization cost option
value, especially in coal-intensive countries. Depieg on the scenarios, the option value, measased
the percentage of discounted GDP, ranges betwédesnd. 4.1% of GDP in MENA, between 1.1 and
3.4% in China, between 0.2 and 1.2% in the USAybeh 0.1 and 1.3% in E-EU and between 0.1 and
0.4% in W-EU. Most importantly, CSP reduces gre#ily option value of nuclear power and IGCC coal
with CCS. If we compare our results with the litera {/) we find it optimal to invest later than most
studies do. We also find that it is optimal to isvkess in CSP if we do not constrain nuclear and@3&C
coal with CCS. The constrained scenarios incrdasexpansion of CSP and anticipate it. Trade betwee
Europe and MENA also occurs later than what suggeist the non-peer reviewed literature. However,
the model is flexible and the expansion of CShalong-term is very large. Our scenarios might be
optimistic in the long run because they do not take account the difficulties that can arise frarfarge
surface area occupied by CSP plants and by a tangder of grid connections, especially across the

Mediterranean.

25 http://lwww.desertec.org/en/concept/questions-ans#e809, accessed on June 8, 2011.
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Earlier investments in CSP could be motivated bmesexternal benefits beyond the reduction 05 CO
emissions. This study examines if learning extétiealmotivate subsidies and government support to
CSP projects already in the next decade. Resulést¢hat a moderate subsidy or a command-and-

control policy (beyond the pricing of the environmed externality), might increase welfare. Invesirse

should occur about five years earlier, still muatef than what foreseen in many influential reports

Finally, the literature on CSP and the politicabde have largely neglected the complexities otling
the institutions capable of managing a large Mediteean market for electricity. Without a sound
institutional framework, tensions might emerge gapardize the overall deployment of CSP power in
the Mediterranean region. In particular, high aftenshould be devoted to set up the mechanisms and
rules that will determine the price of electricifyhis study shows that there are incentives that lesd
MENA countries to form a cartel. The emergence afkat power can be troublesome for Europe.
Equally problematic, in the case of a large deplegtrof CSP, might be the large exposure of the
European power network to foreign shocks. Instdadaseasing energy security, a massive use of

imported CSP might increase energy dependency.

Therefore our prospects for CSP penetration in peiraay be optimistic.. Very large is instead the
potential of CSP in China, the USA, and in MENA ntries, where the only constraints are

technological.

This study supports the following policy recommetimtzs, with all the caveats discussed in the pafer.
Itis too early to subsidize large scale developnpéans of CSP, as subsidies might lead to anigiefit
mitigation portfolio. {i) However, from now until 2030-2035 governmentseéhavole to play in fostering
the development of a limited number of pilot poywtants, especially in specific types of areas, sagh
deserts, to gain more information on the technalmgihallenges that CSP might have in the medium-
term and to promote cost reductions. HVDC cablesishalso be tested in deserts, where temperatures
are high and sand storms might cause disruptiooweT CSP plants should also be tested to understand
the effective heat storage capacitii) (A Mediterranean “Super-Grid” might not be necegsanuclear
power and IGCC coal with CCS are feasible technptmgtions. If, instead, there are limits to the
deployment of these technologies, CSP in Northdrit@might play an important role after 2040 in a
moderate stabilization policy scenario (stabiliaatof GHG concentration at 535 ppm-eq in 2100jhéf
technology proves to be reliable, European andhdont African countries should start building the

institutions to manage a Mediterranean trade aftedgty around 2025.
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Appendix - List of Main Equations

In this Appendix we reproduce the main equationthefmodel. For a full description of the modelgsle
refer to Bosetti et al. (2007a, 2009). The websitev.witchmodel.org contains useful information ¢ t
model. The list of variables is reported at the efthis Section.

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

W(n) = ZU [c.b,L(nY]RE) =Z L(n,t)Y{ log[c(n,t)]}R(t) (A1)
t t
wheret are 5-year time spans and the pure time prefergisceunt factor is given by:
t
Rit)= |J [+ o) (A2)

C(n,t)

where the pure rate of time preferengg is assumel@cline over time. Moreover(n,t) = LD
n,

is per capita consumption.

Output gross of climate change damages, in theailosector, is produced by combining a capital-labo

intermediate input with energy servicdsS| in a constant elasticity of substitution (CESpguction
function:

GY(nt)= TFP(n,t)[aY MK L)) +@-ay(n) Es(n,t)m]“’” . (A3)

Total factor productivity (,,;) €volves exogenously witime. The labour force is set equal to
population [), which evolves exogenously. CapitKl) (evolves following a standard pattern:

K(nt+D) = K-+ (1) ~)

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

]1/ Pes

ES(n,t) = [aHE (n) HE(n,t)”= +agy (n) EN(n,t)”e (AS)

New ideas which contribute to the stock of energypwledge, z, (n,t) . are produced using R&D
investments, .., (n,t) , together with the previously cunedatnowledge stockie (nt)

Zue(nt) = al e (NP HE(N, ) HKL (n,1)¢. (A6)
The knowledge stock evolves as follows:

HE(n,t+1) = HE (n,t)1-3) +Ze(n,t) (A7)

The Enerqgy Sector

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

PEN

EN(n,t)= [aEL (n) EL(n,t)?= + aryg (n) NEL(n, t)Pe ]” (A8)

Each factor is further decomposed into severalcurbponents that are aggregated using CES, linehar an
Leontief production functions. In particular:

EL(n,t) =[EL, (1) + yyoro() ELioro (1)) (A9)

EL, (n-t) = [aFF (n) FE(N,D)% +ayyye (n) EL ke (N,1)7 + aw&s(n) ELyes(nt)™ ]upﬂz ; (A10)
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FF (1) =[0oon (1) ELoon (0.0 + @ (ELG, (00 + @eue(n) ELan [ (AL1)

Elcoa (n,t) = [aPC (n) ELpc (N)7* + e (n) EL ecc (1) ]llpam (A12)

The Super-Grid

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

Elcepr (Nt) = ELcep (N,t) + ELcgp x (NT). (A13)
ELcep (n.1) = Min{ ficep oK cep (0,1); Bep O&M cep (0. 1); Hria K grig (18); BiaO&M grig (M1} . (AL4)

Elce x (n1) = min{ﬂn,CSPKCSP (n,1); BcspO & M e (0, 1); iy x K grig x (0,1); Fgrig O & M i x (n,t)}. (A15)

D Elee x(nt)=0 0Ot. (Al6)
n
Keep (Nt +1) = Kcsa(”,t)(l‘acsp)*'M' (A17)
Lee (N,1)
Kgrig (Nt +1) = Kig (1) (L~ Iyyi )+M (A18)
grid \'h grid \'" grid g:grid (n,t) .
Korig x (t+1) = K g x (0,1)0= 3, )+M. (A19)
grid, X \'h grid, X \"» grid chnd (n,t)
Kgria,T (1) = Kgrig (1) + Kgrig x (N1 . (A20)
( lew (nt+1) )
TK (t) @ Lo (n,t+1) (A21)
Lo (Nt +1) = Ceg (Nt ) Bl Ve EHY)
ce (n ) ce (n 0) TK (ty) B
lcep (N,1)
TR+ =TKE)+ S e Y (A22)
9 () Zn"&csp(nvt)
o&M grid, T (nt) =0&M grid (n,t) + O&M grid,X (n,t). (A23)
cnH=Y(nt)-1c(nt) _ZlR&D,j (n,t)—ZI i (n,t)—ZO&Mj () =1 cep (1) =1 gig,7 (V1)
i i ] : (A24)
- 0&Mcg (M) ~O&M g 1 (0,1),
U pre
FF (n t) _ | @con (n) ELcoa (N1)7F +aOIL(n)(ELOIL (n,t) + ELcsp il (n,t))pFF + (A25)
’ T acas (n)(ELGAS(nvt) + ELCSP,gas(nvt))pFF
EL nuke (n,t) = [ ELnucLear (i) + ELgacksror (Nt) + ELcep nuke (n:t)] ; (A26)
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Elcoa (n1t)= [ELPC (n,t) +ELjgec (N,t) + ELCSJ,ccs(n’t)] : (A27)

Y1) =GY(t) =D P (R 1)* X eqr ()= D" Pr, (W)* X peirp (1)
T T : (A28)

- Pcss(n t)* CCS(n,t) —Elcep, x (N)Peep (1)

Climate Module

Carbon dioxide emissions from combustion of fo$séls x,) 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€CS) it is possible to reduce the
amount of C@ emissions in the atmosphere:

CO,(nt)= Zf @ co, X (n,t)+zg¢b’c020| Lyroa(nit.g)-CCYN). (A29)

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

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

T(t+1)=T(t)+ o {F(t +2)-AT(t)- o[ T(t)~Too] } - cool (t +1) (A30)

List of Variables

g = Depreciation rate

tecspn= Full load hours for a CSP power plant in region
Ugrian= Full load hours for the domestic Super-Grid igio& n

C = Consumption

¢ = Per-capita consumption

CCS= CO, 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
ELcs 1= Total electric energy produced with CSP

ELcs = Electric energy produced with CSP for domestic comstion
ELcs x = Electric energy produced with CSP for export

EN = Energy

ES= Energy services

F = Radiative forcing

HE = Energy knowledge

lce = Investments in CSP plants

lgrig,r = INvestments in the whole Super-Grid infrastruetur

lgria = Investments in Super-Grid for domestic consunmptio
lgriax = Investments in Super-Grid for export

/rep = INnvestment in energy R&D

/= Investment in the final good sector

L = Population

K= Sock of capital in the final good sector

K= Stock of capital in CSP

TKcsp= World cumulative built capacity in CSP (no depagion)
K gigr= Stock of capital in the whole Super-Grid infrasturet

K gia= Stock of capital in the Super-Grid infrastructure émmestic consumption
K giax= Stock of capital in the Super-Grid infrastructure éxport
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NEL = Non-electric energy

NIP = Net import of carbon permits

O&Mcs = Operation and maintenance costs associated V@th generation
O&Myigr = Operation and maintenance costs associated héttvhole Super-Grid
O&Mygig = Operation and maintenance costs associated wiikrSGrid for domestic consumption
O&Myigx = Operation and maintenance costs associated wjibrSGrid for export
Pcs = Price of the traded CSP power

p = Price of carbon permits

P, = a vector of prices for the input vectés

R = Discount factor

SCces = Investment costs for the construction of CSPtglan

SGyia = 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:
[Table Al about here]

Scsp: 0.1
Sgrid: 0.1
a=0.15
B =380

y=3
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Online Appendix

In this online Appendix we test the robustnesswfresults by varying the values of the key input
parameters. We focus on the assumptions for CSfielsy generation, long-distance transmission
through a Super-Grid and its trade. We test therradtive assumptions using as a reference case the
unconstrained stabilization scenario. More in detee test variationseteris paribus of £5%, +10%,
+20% and £30% of the reference value ofirfitial CSP investments costSGcsp); (ii) SG infrastructure
investments costsSSCyiq); and (ii-v) the parameters of the cost function, relatedhéol¢arning by doing

effect @) and to the cost increase due to limited supplnt#rimediate goodg(y).
[Figure Al about here]
[Figure A2 about here]
[Figure A3 about here]

Figure A1-A3 depict the changes aff future investment costdj)trade of CSP Electricity between
MENA and Europe, andi{) world CSP installed capacity, for the alternatagsumptions on the above
parameters. Further results are available uporemgdrom the authors. For simplicity, in the graples
report the values of the variables for variatioh®%, +5%, +30%. We find that all three output adnles
are more sensitive to the initial value of the GBRstment cost and to the progress ratio useldein t
learning by doing term of the cost function, congghto the other three. For small input parameters
variations (5-10%), output results are stableJdoger variations results differ sensibly, thougtall

cases the differences are mainly quantitative ardjunalitative.

The timing of CSP deployment for MENA is influencley variations only in CSP investment costs,
while for the USA and China also by the progresi®rd he optimal timing for the Europe-MENA trade
is mainly sensitive to the previous two parametBrger-Grid investment costs are also influentigltb

a smaller extent.

To conclude, the sensitivity analysis shows thatdtucial parameters for this analysis are théainit
investment costs for the CSP power plants andateeat which these will decrease as cumulative

installed capacity grows, therefore particular cslreuld be devoted to their estimation.
[Table Al about here]

[Table A2 about here]
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List of Tables

Technological parameters

Fullload Invest cost Invest. Cost
Region Production Location PN ° hours CsP O&Mecsp - SG lenght SG O&Msc
(KWh/m?y'™) ) (US$/kW) (US$/KW) (km) (USSIKW) (US$/kW)
China Tibet (Xigaze) 2300 4110 6500 127.5 2800 329 6.6
MENA Sahara desert 2190 3680 6500 1275 3000 336 6.7
USA Arizona (Phoenix) 2600 4600 6500 127.5 577 and 3447 277 55

Cost of electricity

Cost of electricity (US$ cents/kwh)
standard interest rates

Interest rates in WITCH

Cost of electricity
(US$ cents/kWh)

Region model's interest rates

3% 7% 10% 2010 2050 2010 2050
China 21.6 28.2 33.2 11.8% 4.9% 36.3 24.8
MENA 23.0 30.0 35.3 5.9% 5.0% 28.0 26.5
USA 19.2 25.0 29.5 4.0% 2.5% 20.6 18.4
SSREN 11.0-19.0 16.0-25.0 20.0-31.0

Table 1. Technological parameters and cost of eleitity.

Scenario name

Stabilization of GHG Nuclear power blocked

CCS is not available Forced early

in 2100 at 2005 level investments in CSP
BaU -- NO NO NO
NC-BaU -- YES NO NO
CC-Bau -- NO YES NO
NCC-Bau -- YES YES NO
U-Stab 535 ppme NO NO NO
NC-Stab 535 ppme YES NO NO
CC-Stab 535 ppme NO YES NO
NCC-Stab 535 ppme YES YES NO
Anticipated-U-Stab 535 ppme NO NO YES

Table 2. Simulation scenarios.

MENA - CSP Export Market Size

Bau U-Stab NC-Stab CC-Stab NCC-Stab

Annual Revenue (Billion $)

2040
2055
2070
2085
2100

CSP GDP (% of total GDP)

2040
2055
2070
2085
2100

- - - - 2

- - 111 87 218

- 95 254 129 291

- 135 324 154 340

- 155 368 168 375

- - - - 0.03%
- - 139% 1.10% 2.69%
- 0.81% 214% 1.10% 2.45%
- 0.84% 1.99% 0.95%  2.09%
- 0.75% 1.76% 0.81% 1.80%

Europe - CSP Annual Expenditure

Bau U-Stab NC-Stab CC-StabNCC-Stab

Western Europe (% of total GDP)

2040 - - - - -

2055 - - 0.28% 0.20%  0.54%
2070 - 0.19% 0.54% 0.25% 0.61%
2085 - 0.23% 0.60% 0.26% 0.62%
2100 - 0.24% 0.60% 0.26% 0.62%

Eastern Europe (% of total GDP)

2040 - - - - 0.07%
2055 - - 0.67% 0.78% 1.57%
2070 - 0.61% 1.34% 0.88% 1.60%
2085 - 0.75% 1.45% 0.86% 1.54%
2100 - 0.75% 1.44% 0.81% 1.48%
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Table 3. MENA CSP Export Market Size and European gpenditure relative to regional GDP.

Sabilization cost (% GDP losses, discounted at 5%)

without CSP with CSP
U NC CcC NCC U NC CcC NCC
CHINA  4.3% 5.3% 5.4% 7.2% 3.2% 3.3% 3.6% 3.8%
E-EU 2.7% 3.5% 3.2% 4.8% 2.5% 2.9% 2.9% 3.5%
MENA  4.8% 5.1% 5.5% 6.2% 2.7% 2.4% 2.7% 2.1%
USA 1.8% 2.4% 2.2% 3.2% 1.6% 1.7% 1.8% 2.0%
W-EU 0.8% 1.0% 0.9% 1.4% 0.8% 0.9% 0.9% 1.0%

Stabilization cost option value (% GDP losses, discounted at 5%)
of nuclear and IGCC coal with CCS of nuclear and IGCC coal with CCS

without CSP with CSP of CSP
U NC CcC NCC U NC CcC NCC U NC CcC NCC
CHINA 11%  12%  3.0% 02% 05%  0.6% 11%  2.0%  18%  3.4%
E-EU 0.8% 0.5% 2.2% 0.4% 0.4% 1.0% 0.1% 0.5% 0.3% 1.3%
MENA 0.3% 0.7% 1.4% -0.3% 0.0% -0.6% 2.1% 2.7% 2.8% 4.1%
USA 0.6% 04%  1.4% 01% 02%  0.4% 02%  0.7%  04%  1.2%
W-EU 0.2% 0.1% 0.6% 0.1% 0.1% 0.2% 0.1% 0.1% 0.1% 0.4%

Table 4. The option value of CSP.
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Policy Electricity (TWh)

Capacity (GW)

Europe-MENA trade

2020 2030 2050

This study
Bau 0 0 0
U-Stab 0 0 1195
NC-Stab 0 0 4251
CC-Stab 0 0 6065
NCC-Stab 0 0 10300
U-Stab-Early

Krey and Clarke (2011) - Median values of 57 IAM scenarios
Bau 35 278 2083
440-660 ppm 139 361 2722
<440 ppm 208 694 4167

Bauer et al. (2008)
BaU n.a. n.a. n.a.
2°C n.a. n.a. n.a.

Greenpeace - SolarPACES - ESTELA (Richeter 2009)

Reference 22 40 66
Moderate 246 871 3638
Advanced 365 1499 7878

German Aerospace Center (MENA and Europe - Med-CSP; Trieb 2006)

-30% global

o ) n.a. n.a. n.a.
emissions in 2050

ETP Blue Map Scenario (IEA 2008)
-50% global

emissions in 2050 n-a. n.a. 2200

IEA Global CSP Outlook 2011
-50% global

emissions in 2050 414 1140 4770
WEO 2010 (IEA 2010c)

Current Policies 37 110 n.a.

450 ppme 144 519 n.a.

2020
0
0
0
0
0

n.a.
n.a.
n.a.

n.a.
n.a.

7
69
84

n.a.
n.a.

148

12
41

2030

oo oo ©

n.a.
n.a.
n.a.

n.a.
n.a.

13
231
342

n.a.

n.a.

337

31
141

2050

312
1020
1475
2483

n.a
n.a
n.a

n.a.
n.a.

18
831
1524

n.a.

630

1089

n.a.
n.a.

starts in
year

never
2060
2050
2045
2045
2055

n.a
n.a
n.a

never
2055

n.a
n.a
n.a.

2020

n.a

2020-2030

n.a
n.a.

TWh
(2050)

0

0
129
401
1257

n.a.
n.a.
n.a.

0
3514

> 560
> 560
> 560

708

n.a

n.a

n.a.
n.a

Table 5. Comparison with the literature.
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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 16.8 185 221
2100 10.6 10.5 41 9.2 19.6 19.5 22.7 255
Number of 5GW 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
Table 6. CSP mirror surface and HVDC cables
List of key parameters
Mcsp Hgrid Hgrid,x SCesp SGyria SGyiax O&Mcsp O&Mygig  O&M g x
(h) (h) (h) ($/kW) ($/kW) ($/kW) ($/kW) ($/kW) ($/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 55

Note: the values in $ are in 2007US$ as reportédaroriginal data source (Kaltshmitt 2007), thesethen converted into

2005US$ for the model simulations.

Table Al. Assigned values to key parameters.
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USA COAL PC COAL IGCC OIL GAS NUKE HYDRO | W&S CSP
Fuel COz Fuel COz Fuel COz Fuel COz Fuel
2005 2,79 1,62 - 537 049 1,35 - 2,06 7.67 - 1,62 513 - 6,05 0,14 5,53 10,13 0,00
2010 2,65 1,60 - 5,07 049 1,38 - 197 8,00 - 1,56 4,79 - 584 0,16 524 9,30 0,00
2015 2,57 1,58 0,67 4,87 049 142 0,06 1,92 8,62 0.46 1,52 4,86 027 574 0,19 5,05 842 0,00
2020 251 1,57 1,18 4,75 049 144 0,11 1,89 9.40 0,85 149 504 047 5,70 0,23 4,94 7,52 0,00
2025 246 1,55 2,57 4,63 049 147 024 1,85 10,35 1,96 147 529 1,04 5,67 0,30 4,82 6,65 0,00
2030] 243 153 5,00 4,58 049 1,50 049 184 11,29 4,02 145 5,57 2,06 570 0,38 4,77 594 0,00
2035 240 151 7.58 4,52 0,51 1,53 0,77 1,82 12,07 6.40 144 584 315 572 049 4.7 5,32 0,00
2040 237 1,50 13,52 443 0,53 1,56 140 1,80 12,66 11,94 142 6,11 5,68 5,76 0,62 4,63 4,74 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 4,56 424 0,00
2050 2,30 149 30,03 4,28 0.64 164 329 1,76 12,89 28,75 1,39 6,50 12,87 593 0,97 449 3,80 11,79
2055 2,30 149 37.51 4,28 0,70 1,67 4,22 1,76 12,64 3722 1,39 6,62 16,23 598 121 449 3,51 10,36
2060 229 1,51 44,90 427 0,75 1,70 5,05 1,75 12,27 44,90 1,39 6,84 1943 5,99 144 447 335 947
2065 2,28 154 50,71 424 0.80 1,73 570 175 11,87 51,07 1,38 7,05 21,94 594 164 445 3,20 8,89
2070) 227 1,56 54,64 422 0,84 1,75 6,15 1,74 11,45 55,39 1,38 728 23,65 5,92 1,78 443 3,08 8,52
2075 2,25 1,58 58,25 4,19 0,87 178 6,55 173 11,06 5941 1,37 751 2521 591 1,86 4,40 297 8,25
2080 224 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 4,36 287 8,03
2085 222 1,62 65,04 411 0,92 1,82 732 1.7 10,31 67,09 1,36 8,02 28,15 595 1,86 433 2,77 7,85
2090 2.20 1,64 67,80 4,07 093 184 7.63 1,70 9,96 70,29 1,35 8.30 29,34 5,99 1,81 429 2,69 7,69
2095 2,19 1,65 69.49 4,04 094 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) 2.18 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 1.61 424 2.56 7.46
CINA COAL PC COAL IGCC OIL GAS NUKE HYDRO | W&S CSP
Fuel CO; Fuel COz Fuel COz Fuel COz Fuel
2005 2,62 1,60 - 6,04 049 1,22 - 2,63 10,31 - 214 570 - 6,57 0,14 6,26 11,59 0,00
2010] 3,14 1,57 - 741 049 1,26 - 3,07 10,68 - 2,50 5,26 - 7,70 0,16 7,57 1348 0,00
2015 3,18 1,54 071 7.52 049 1,29 0,06 3 11,40 053 2,53 527 029 7,85 0,19 7,67 12,77 0,00
2020] 3,06 151 1,25 7.20 049 132 0.11 3,00 12,30 0,99 244 540 0,51 7.64 023 737 11,00 0,00
2025 2,89 148 2,69 6,76 049 1,35 024 2,86 13,39 2,26 233 5,61 1 J k] 7,36 0,30 6,95 9,27 0,00
2030] 276 145 5,19 643 049 137 049 2,76 14,48 4,63 2,24 584 2,15 7,16 0,38 6,63 8,02 0,00
2035 2,66 143 7.80 6,16 0.50 140 0,77 2,67 15,38 737 2,18 6,06 327 7,02 049 6,38 7,00 0,00
2040 254 141 13,80 584 0,54 144 1,40 2,57 16,05 13,76 2,09 6,28 584 6,88 0,62 6,08 6,06 0,00
2045 243 140 20,59 5,55 0.66 147 217 248 16,34 21,57 2,02 6.44 8,78 6,76 0,78 579 525 0,00
2050 2,30 1,39 30,22 520 0,96 1,51 329 2,37 16,32 33,15 1,93 6,55 12,98 6,66 0,97 547 449 15,54
2055 227 137 37.51 51 143 1,55 422 234 16,03 42,90 1,90 6,62 16,23 6,63 1,21 538 4,12 13,63
2060 222 140 44,90 4,98 2,03 1,58 5,05 229 15,61 51,77 1,87 6,84 19.43 6,55 144 5,26 3,86 12,35
2065 2,16 143 50,71 484 274 1,60 570 225 15,14 58,88 1,83 7,05 21,94 6.40 164 5,12 3,63 11,48
2070) 211 145 54,64 470 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 1,65 6,55 2,16 14.21 68,48 1,76 7,51 2521 6,20 1,86 4,86 3,25 10,34
2080 2,01 149 61,82 444 4,96 1,67 6,96 212 13,77 7311 1,73 7.76 26,75 6,14 1,88 4,74 3,09 9,94
2085 1,97 1,51 65,04 433 5,58 1,70 732 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 1,53 67,80 423 6,11 1,72 7,63 2,05 12,95 81,03 1,67 8,30 2934 6,11 1,81 4,54 284 9,37
2095 1,90 154 69,49 414 6,55 174 7.82 2,02 12,57 83,46 1,65 8,59 30,07 6,11 1,72 445 2,74 9.15
2100) 187 1.56 68.34 4,07 6.90 1.76 7.69 2.00 12.21 82.45 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 COz Fuel COz Fuel COz Fuel COz Fuel
2005| 3,62 2,31 - 6,07 0,98 222 - 2,60 3.83 - 213 2,67 - 6,91 0,14 6,51 11,05 0,00
2010] 3,53 231 - 5,91 0,98 2,26 - 2,55 4,15 - 2,09 2,25 - 6,81 0,16 6,35 1043 0,00
2015| 342 2,30 0.60 571 0,98 2,29 0,06 248 4,77 0.46 2,03 234 031 6,71 0,19 6,16 944 0,00
2020 3.35 229 1,08 5,59 0,98 2,32 0,11 244 5,54 0.85 2,00 2,55 0,55 6,67 0,23 6,05 8,39 0,00
2025 327 2,28 2,38 544 0,98 235 024 240 6.48 194 1,96 2,83 A 6,62 0,30 591 734 0,00
2030 3.18 2,27 4,69 527 0,98 2,37 049 2,34 742 3,98 1,92 313 2,26 6,55 0,38 574 6,38 0,00
2035] 3,15 2,21 722 522 0,98 240 0,77 233 8,19 6,34 1,91 341 3.40 6,58 049 570 5,70 0,00
2040 3.09 2,26 13,04 5,09 0,98 244 1,40 229 8,77 11,83 1,87 3,68 6,00 6,59 0,62 5,58 5,02 26,49
2045 3,10 2,26 19.84 512 0,98 247 217 229 9,01 18,54 1,88 3,87 8,93 6,73 0,78 5,60 4,65 19,97
2050 3.10 2,27 29,68 512 0,98 2,51 3.29 229 9,00 2849 1,88 4,02 13,10 6,90 0,97 5,60 4,36 16.20
2055| 3,08 2,26 37.51 5,09 0,98 2,55 422 2,28 8,75 36,88 1,87 4,12 16,23 6,93 1.21 5,57 4,02 14,13
2060] 3,08 229 44,90 5,09 0,98 2,58 5,05 2,28 8,39 44,50 1,87 434 19.43 6,95 144 5,57 3,85 12,36
2065| 3,07 2.3 50,71 5,06 0,98 2,60 5,70 2,27 799 50,61 1,86 4,55 21,94 6,90 164 554 3,66 11,30
2070 3.05 234 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 5,50 348 10,58
2075] 3,02 2,36 58,25 4,97 0,98 2,65 6,55 225 718 58,87 184 5,01 2521 6,84 1,86 5.46 3,32 10,05
2080 2,99 2,38 61,82 491 0,98 2,67 6,96 2,23 6,81 62,85 1,83 526 26,75 6,83 1,88 540 3,18 9,65
2085 2,96 240 65,04 4,86 0,98 2,70 732 221 6.44 66,48 181 552 28,15 6,85 1,86 5,35 3,06 9,33
2090 293 241 67,80 481 0,98 2,72 7.63 219 6,10 69,66 1,80 5,80 2934 6,88 1,81 5,30 2,96 9,07
2095 291 243 69.49 4,77 0,98 2,74 7.82 2,18 577 71,74 1,79 6,09 30,07 6,93 1,72 526 2,87 8,86
2100) 2.89 245 68.34 473 0.98 2.76 7.69 217 546 70.88 1.78 6.39 29.58 6.97 1.61 523 2.80 8.70
Western COAL PC COAL IGCC OIL GAS NUKE HYDRO | W&S CSP
Europe Fuel CO; Fuel CO; Fuel CO; Fuel CO; Fuel Import
2005 2,98 2,98 B 554 049 2.77 B 235 | 1054 B 1,85 213 B 6.18 0,14 571 10,14 B
2010 2.85 2,96 - 525 049 2,81 - 2,26 10,86 - 1,78 3,81 - 5,98 0,16 543 9,34 -
2015 276 2,93 0,62 5,06 049 2,84 0,06 2,21 1149 0.46 174 3,90 027 5,89 0,19 526 8,50 -
20200 271 2,90 1,10 494 049 2,87 0,11 217 12,28 0,86 1.7 4,10 047 5,85 0,23 514 7,60 -
2025| 2,66 2,87 242 484 049 2,90 024 214 13,23 1,97 1,68 437 1,04 583 0,30 504 6,75 -
2030 2,63 2,85 4,77 478 049 2,92 049 212 14,18 4,05 1,67 4,66 2,06 585 0,38 4,99 6,03 -
2035 2,61 2,82 731 473 049 2,95 0,77 2,10 14,97 6.44 1,66 4,95 3,15 5,88 049 4,94 541 -
2040 2,57 2,80 13,16 4,66 049 2,99 1,40 2,08 15,55 12,02 164 524 5,68 593 0,62 4,87 484 -
2045 2,55 2,79 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 2,77 29,77 454 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 -
2055 2,50 2,75 3751 4,50 0,51 3,10 422 2,03 15,53 3747 1,61 579 16,23 6,15 1.21 473 3,66 -
2060 249 2,78 44,90 447 0,51 313 5,05 2,02 15,17 4521 1,60 6,01 19.43 6,14 144 4,69 347 1345
2065 247 2,80 50,71 444 0,51 3,15 5,70 2,01 14,76 5142 1,59 6,22 21,94 6,09 164 4,66 331 1241
2070 246 2,82 54,64 441 0,51 3,18 6,15 2,00 14,34 55,77 1,58 6.44 23,65 6,06 1,78 4,63 3,17 1,79
2075 244 2,85 58,25 437 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 61,82 433 0.52 3.22 6,96 1,98 13,56 63,86 1,57 6,93 26,75 6,07 1,88 4,56 293 11,08
2085 241 2,88 65,04 4,30 0,52 325 732 197 13,19 67,55 156 719 28,15 6,10 1,86 453 2,83 10,87
2090 239 2,90 67,80 4,26 0,52 327 7.63 1,96 12,84 70,78 1,55 746 2934 6,14 1,81 449 274 10,70
2095 237 2,92 69,49 422 0,52 329 7.82 1,95 12,51 72,89 154 7,75 30,07 6,18 1,72 446 2,66 10,57
2100) 236 2.94 68.34 4.19 0.52 3.31 7.69 1,94 12.19 72,02 1.53 8.06 29.58 6.23 1.61 443 2.59 10.44
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Eastern COAL PC COAL IGCC OIL GAS NUKE
Europe Fuel CO; Fuel CO; Fuel CO; Fuel CO; Fuel
2005 254 2,18 - 5,20 0,29 172 - 2,36 10,74 - 2,03 413 - 6,24 0,14
2010 2,82 213 - 5,85 029 1,76 - 2,56 11,13 - 220 381 - 6,80 0,16
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
2020 2,81 2,04 1,22 583 029 1,82 011 2,55 12,81 1,03 220 4,10 047 6,89 0,23
2025| 2,74 2,00 2,64 5,67 0,29 1,85 024 2,50 13,94 2,35 2,15 437 1,04 6,83 0,30
2030 2,65 1,95 51 546 029 1,87 049 244 15,08 4,82 210 4,66 2,06 6,73 0,38
2035 2,55 1,92 7.1 524 0,30 1,90 0,77 2,37 16,02 7,68 2,04 4,95 3,15 6,63 049
2040 247 1,89 13,69 5,04 0,30 1,94 140 2,31 16,72 14,33 1,99 524 5,68 6,57 0,62
2045 2.40 1.87 2048 4,88 0.31 1,97 217 2,26 17.01 22,46 1.94 547 8,63 6.56 0.78
2050 2,32 1,84 30,15 4.7 033 2,01 329 2,20 17,00 34,52 1,90 5,65 12,87 6,60 0,97
2055 2,29 1,82 37,51 4,63 0.36 2,05 422 2,18 16,70 44,68 1,88 5,79 16,23 6,59 121
2060 2,26 1,85 44,90 4,56 039 2,08 5,05 2,16 16,26 53,91 1,86 6,01 19.43 6,55 144
2065 223 1,87 50,71 449 042 2,10 5,70 214 15,77 61,32 184 6,22 21,94 6.47 1,64
2070] 2,20 1,89 54,64 442 045 2,13 6,15 21 15,27 66,50 1,82 6.44 23,65 6.40 1,78
2075| 2,16 1,91 58,25 434 047 2,15 6,55 2,09 14,80 71,32 1,80 6,68 2521 6,36 1,86
2080] 2,13 1,93 61,82 4,26 0,50 217 6,96 2,06 1434 76,14 1,78 6,93 26,75 6,34 1,88
2085 2,10 1,95 65,04 4,18 0,51 2,20 732 2,04 13,90 80,55 1,76 719 28,15 6,34 1,86
2090 2,07 1,97 67,80 411 0,53 2,22 7,63 2,02 1349 84,40 1,74 746 29,34 6,35 1,81
2095 2,04 1,99 69.49 4,04 054 224 7.82 2,00 13,09 86,92 1,72 7,75 30,07 6,37 1,72
2100] 201 2.00 68.34 3.98 0.55 2.26 7.69 1.98 12,71 85.87 1.70 8.06 29.58 6.40 1.61

HYDRO

524
5,86
5,94
584
5,69
549
528
5,09
493
417
470
463
456
4,50
442
434
427
4,20
414
4.08

Wa&Ss

10,13
10,88
10,31
922
8,15
7.10
6,20
543
4.80
425
3,81
359
342
327
313
3,00
2,89
2,78
2,69
2,61

13.45
1241
11,79
11,38
11,08
10,87
10,70
10,57
10.44

Notes: Capital costs also include costs for openaaind maintenance. The above tables refer tortbenstrained stabilization
scenario (U-Stab). Similar tables for all otherrséos are available upon request.

Table A2. The cost of electricity in the U-Stab scario.
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List of Figures

[ Hydroelectric | [ EL2 =2

| Nuclear | Wind and PV |

| Natural Gas

[ Pulverized Coal | | Coal IGCC with CCS |

Notes: Elasticities of substitutianare detailed at each nest. Electricity is measimmretergy units. Electricity generation follows a
Leontief specification.

Figure 1. The constant elasticity of substitution asted structure of electricity supply.
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Figure 2. CSP Installed Capacity and Electricity Gaeration
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Figure 3. Super-Grid Installed Capacity between Euope and the MENA Region.
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Figure 4. Investments for CSP-Plants and the SupeBrid Infrastructure — MENA and the USA
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Market price for CSP electricity traded

between the EU and MENA
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Figure 6. Market Price for CSP Electricity Trade Between the EU and MENA
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Figure 10. CSP Investments costs for in the uncomained scenario and in the anticipated
investments scenario.
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Figure 11. Left panel: price of traded CSP Electrigty. Right panel: costs, revenue and profits from
CSP electricity trade.
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Figure Al. Results of sensitivity analysis on invésient cost of CSP capacity.
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EU-Mena trade of SG-CSP Electricity
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Figure A2. Results of sensitivity analysis on theze and timing of Europe-MENA
trade of CSP electricity.
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CSP World Cumulative Installed Capacity
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Figure A3. Results of sensitivity analysis on theze and timing of global CSP
installed capacity.



